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PREFACE 

This  is  the  third  in  a  series  of  reports  documenting  the  findings  of  a  study  funded  by 
the  Federal  Highway  Administration  (FHWA)  entitled  "Representative  Ground  Parameters 
for  Structural  Analysis  of  Tunnels."  Volume  1  deals  with  the  philosophy  and  approach  to 
site  investigation  for  design  and  construction  of  tunnels.  Volume  2  presents  an  evaluation 
of  commonly  used  exploratory  techniques  for  determining  the  in  situ  properties  of  soil  and 
rock.  In  addition,  this  volume  presents  a  discussion  of  classification  systems  and 
correlations  used  in  the  design  and  construction  of  tunnels. 

Volume  3,  this  volume,  considers  the  use  and  significance  of  geotechnical 
parameters  in  the  design  and  construction  of  tunnels.  It  discusses  tunnel  design  methods 
commonly  used,  the  geotechnical  parameters  required  as  input  to  these  design  methods, 
and  the  impact  of  these  required  input  parameters  on  tunnel  design.  Finally,  this  volume 
considers  geotechnical  parameters  which  can  be  obtained  a  priori,  and  would  be  of  value  in 
tunnel  construction. 

Volume  k  summarizes  case  studies  on  tunnel  design  and  construction  with  a  view 
toward  highlighting  lessons  learned  and  benefits  received  from  a  rigorous  subsurface 
investigation  for  tunnel  design  and  construction. 

The  Board  of  Consultants  for  this  project  contributed  significantly  to  this  volume. 
In  particular,  detailed  written  comments  were  received  from  Mr.  T.  G.  McCusker,  Dr.  R. 
B.  Peck,  and  Mr.  Eugene  B.  Waggoner  which  added  significantly  to  the  quality  of  this 
document. 
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1.0  INTRODUCTION 

Due  to  extensive  construction  of  tunnels  throughout  the  world  in  recent  years, 
coupled  with  tunneling  related  research  during  the  same  period,  progress  has  been  made  in 
extending  the  state-of-the-art  of  tunnel  design  and  construction.  Correspondingly,  an 
investigative  study  to  synthesize  construction  and  analysis  experience  is  worthwhile  in 
preparation  for  extension  of  the  state-of-the-art  of  tunnel  design  and  construction.  On 
this  basis,  the  influence  of  geotechnical  parameters  on  the  design  and  construction  of 
tunnels  needed  to  be  studied,  and  their  impact  on  future  site  investigation  programs 
ascertained. 

In  order  to  study  the  geotechnical  parameters  actually  used  in  tunnel  design,  a 
thorough  review  of  the  detailed  design  computations  of  twenty  tunnel  sections  in  the 
Washington  Metropolitan  Area  Transit  Authority  (WMATA)  transit  system  was  performed, 
and  the  design  criteria  of  four  transit  systems  were  summarized  (see  Chapter  5).  In 
Chapters  2  and  3,  a  general  review  of  currently  available  tunnel  design  theories  and 
construction  methods  are  presented.  A  sensitivity  study  of  the  related  geotechnical 
parameters  on  permanent  liner  design  is  reported  in  Chapter  k.  The  conclusions  and 
recommendations  of  this  investigation  are  discussed  in  Chapter  6. 

1.1  CONCEPT  OF  STUDY 

Efficient,  safe  and  economical  tunnel  design  and  construction  requires  an 
understanding  of  how  the  ground  will  perform  both  during  the  tunneling  process  as  well  as 
afterwards.  The  purpose  of  a  subsurface  investigation  program  is  to  provide  the  basic 
inputs  required  for  tunnel  design  and  construction. 

The  research  reported  herein  is  part  of  a  comprehensive  study,  funded  by  the 
Federal  Highway  Administration  (FHWA),  entitled  "Representative  Ground  Parameters  for 
Structural  Analysis  of  Tunnels."  This  is  Volume  3  of  a  four-volume  report  which  is 
concerned  with  the  use  and  significance  of  geotechnical  parameters  in  the  design  and 
construction  of  tunnels.  It  discusses  tunnel  design  methods  commonly  used,  the 
geotechnical  parameters  required  as  input  to  these  design  methods,  and  the  impact  of 
these  required  parameters  on  tunnel  design.  Also  considered  are  geotechnical  parameters 
which  can  be  obtained  a  priori  and  would  be  of  value  in  tunnel  construction. 

Volume  1  (Peck,  et  al.,  1980)  discusses  the  philosophy  and  approach  to  site 
investigation  for  design  and  construction  of  tunnels.  Volume  2  (Hampton,  et  al.,  1980) 
evaluates  in  situ  site  investigation  techniques  which  are  applicable  to  obtaining 
geotechnical  parameters  for  design  and  construction  of  tunnels.  In  addition,  Volume  2  also 
discusses  classification  and  correlation  systems  which  may  be  used  in  tunnel  design  and 
construction. 

Volume  k  reviews  published  case  histories  on  tunnel  design  and  construction.  It 
attempts  to  highlight  lessons  to  be  learned  from  the  past  as  well  as  benefits  which  have, 
or  may  have,  accrued  from  site  investigation  for  tunnel  design  and  construction. 

1.2  SCOPE 

In  order  to  assess  the  geotechnical  parameters  actually  used  in  tunnel  design, 
detailed  design  computations  for  tunnel  sections  of  the  Washington  Metropolitan  Area 
Transit  Authority  (WMATA)  transit  system  were  reviewed,  and  the  design  criteria  of  four 
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urban  transit  systems  were  summarized  (see  Chapter  5).  The  aforementioned  information 
was  sought  because  it  should  represent  the  current  state-of-practice  of  tunnel  design  in 
the  United  States  and  was  obtainable  via  a  reasonable  effort. 


Chapters  2  and  3  review  currently  available  tunnel  design  theories  and  construction 
methods,  and  Chapter  k  summarizes  a  sensitivity  study  of  the  relative  importance  of  the 
geotechnical  parameters  used  in  the  design  of  the  permanent  tunnel  liner.  Chapter  6 
presents  the  conclusions  and  recommendations  of  this  study. 


2.0        DESIGN  AND  CONSTRUCTION  OF  TUNNELS  IN  SOFT  GROUND 


2.1  INTRODUCTION 

On  most  tunnel  jobs,  large  expenditures  must  be  made  for  material  and 
equipment  during  the  construction  stage,  and  the  type  of  construction  equipment  will  be 
influenced  by  anticipated  ground  conditions.  If  ground  conditions  are  misjudged,  not 
described  accurately,  or  are  missed  entirely,  long  delays  and  excessive  expenditures 
may  result.  Therefore,  a  thorough  site  investigation  as  well  as  sound  engineering 
analysis  and  design  must  be  performed  prior  to  construction.  This  includes 
determination  of  representative  geotechnicai  parameters  related  to  tunnel  design  and 
construction,  review  of  available  and  applicable  design  methods  and  selection  of  a 
design  methodology,  consideration  of  possible  liner  systems  and  selection  of  a 
permanent  liner  system,  and  consideration  of  possible  problems  related  to  construction. 
Final  design  must  also  consider  such  post  construction  factors  as  reliability, 
maintainability  and  safety. 

2.2  REVIEW  OF  TUNNEL  LINER  DESIGN  THEORIES  CURRENTLY  USED 

Tunnel  liner  design  methods  are  based  on  assumed  loads  the  surrounding 
materials  exert  on  the  liner.  The  resulting  moments,  thrusts,  and  shear  forces  at  any 
point  in  the  liner  are  determined  through  structural  analysis. 

The  major  difficulty  with  these  methods  is  in  the  estimation  of  the  external 
loads,  which  usually  are  chosen  by  experience.  If  the  liner  is  assumed  rigid,  external 
loads  are  considered  independent  of  the  deformation  of  the  liner.  Conversely,  if  the 
liner  is  considered  flexible,  the  external  loads  are  assumed  to  vary  with  liner 
deformations.  In  recent  years,  new  methods  have  been  developed  which  consider  the 
properties  of  the  surrounding  material  (i.e.,  Young's  Modulus,  Poisson's  ratio,  etc.).  In 
this  section,  some  theories  currently  utilized  will  be  discussed.  The  more  recently 
developed  theories  will  be  briefly  described  in  Section  2.6. 

2.2.1     Tunnel  Liner  Design  Based  on  Hypothetical  Loads 

Empirical,  constant  loads  for  liner  design  are  usually  based  on  simplified 
mechanisms  of  behavior  of  soil  material  around  the  tunnel  liner.  The  loads  may  be 
expressed  as  functions  of  the  friction  angle  and  unit  weight  of  the  soil,  but  may  not 
necessarily  represent  actual  soil  behavior. 

One  of  the  first  empirical  loading  schemes  for  a  circular  tunnel  section  was 
proposed  by  Hewett  and  Johannesson  (1922).  This  method  is  still  utilized  for  the  design 
of  rigid  liners.  The  loading  system  is  applied  to  a  linear-elastic  elliptical  ring,  and 
general  equations  for  thrust,  shear,  and  moment  in  the  liner  are  derived.  As  a  final 
step,  these  equations  are  specified  to  such  conditions  as:  wet  ground,  dry  ground,  and 
firm,  water-bearing  ground.  As  shown  in  Figure  1,  the  interaction  between  the  tunnel 
lining  and  the  surrounding  soil  can  be  included,  to  some  extent,  in  selection  of  the 
factor  K.   In  most  cases,  a  conservative  value  of  K  equal  to  0.5  or  0.6  is  assumed. 


LOADS 


l/£  Sym 


1.  THE  WEIGHT  OF  THE  UPPER  HALF 
OF  THE  TUNNEL. 

2.  THE  WEIGHT  OF  THE  EARTH  WITHIN 
THE  AREA  MARKED  2. 

3.  A  UNIFORM  UPWARD  FORCE  BAL- 
ANCING I  AND  2. 

4.  THE  WEIGHT  OF  THE  LOADING  ABOVE 
THE  TOP  OF  THE  TUNNEL. 

5.  A  UNIFORM  UPWARD  REACTION 
BALANCING  4. 

6.  THE  HORIZONTAL  PRESSURE  DUE  TO 
THE  WATER  ABOVE  THE  TOP  OF  THE 
TUNNEL. 

7.  THE  HORIZONTAL  PRESSURE  DUE  TO  THE  WATER  FROM  TOP  TO  BOTTOM  OF 
THE  TUNNEL. 

8.  THE  HORIZONTAL  PRESSURE  DUE  TO  THE  EARTH  ABOVE  THE  TOP  OF  THE 
TUNNEL  EQUAL  TO  THE  PRODUCT  OF  THE  WEIGHT  OF  EARTH  (BUOYANT 
UNIT  WEIGHT  IF  SUBMERGED)  ABOVE  THE  TOP  OF  THE  TUNNEL  AND  THE 
FACTOR  K,  WHERE  C  <  K  <  l/C  . 

9.  THE  HORIZONTAL  PRESSURE  DUE  TO  THE  EARTH  BETWEEN  THE  TOP  AND 
THE  BOTTOM  OF  THE  TUNNEL.  AT  ANY  POINT,  THE  PRESSURE  IS  THE 
PRODUCT  OF  THE  WEIGHT  OF  SOIL  BETWEEN  THAT  POINT  AND  THE  TOP 
OF  THE  TUNNEL  AND  THE  FACTOR  K.  SOIL  WEIGHED  AS  IN  8. 


NOTE-- 


C  = 


-  Sin  a 
+  sin  a 


=  1/3  TO  I 


a  =  ANGLE  OF  REPOSE  OF  GROUND. 


FIGURE      I.      DESIGN  LOADS   FOR  TUNNEL  IN  SOIL  (HEWETT  AND 
JOHANNESSON,  1922) 


Drucker  (1943)  made  some  improvement  in  the  design  method  of  Hewett  and 
3ohannesson  (1922)  by  introducing  the  lateral  soii  reactions  induced  by  the  lateral 
deflection  of  the  liner.  He  assumed  the  horizontal  soil  reactions  as  continuous  functions 
of  depth  and  the  vertical  soil  reactions  to  be  uniformly  distributed. 

Bull  (1944)  developed  a  rational  method  for  determining  the  magnitude  and 
distribution  of  the  soil  reactions  around  a  shield-driven  tunnel  liner.  In  this  method, 
hypothetical  (active)  loading  conditions  are  assumed:  the  thrust,  shear,  and  moment 
produced  at  the  support  are  first  determined.  Utilizing  a  16-segment  ring 
approximation,  the  values  at  each  joint  can  be  obtained.  From  elastic  formulae,  the 
deflections  at  the  joints  under  the  combined  influence  of  active  loads  and  soil  reactions 
can  be  expressed  in  a  summation  of  simple  products.  However,  the  deflections  may  also 
be  expressed  in  a  different  way;  i.e.,  as  functions  of  the  soil  reaction  and  settlement. 
By  equating  the  two  sets  of  expressions,  a  number  of  simultaneous  equations  are 
obtained  from  which  the  soil  reactions  can  be  determined.  Since  the  deformation  of  the 
liner  is  also  dependent  on  the  stiffness  of  the  liner  itself,  a  sensitivity  analysis  was 
made  on  the  moment  and  thrust  against  different  liner  thickness,  as  shown  in  Figure  2. 
Through  this  analysis,  it  is  suggested  that  a  potential  saving  in  material  and  labor  can 
accrue  from  the  development  of  a  suitable  form  of  scaffold  system  to  counteract  the 
jacking  force  resulting  from  advancing  the  tunnel  shield.  Bull's  analysis  assumes  that 
the  soil  is  a  homogeneous,  elastic,  isotropic  material  and  that  the  joints  are  100% 
efficient  and  do  not  effect  the  stiffness  of  the  lining  around  its  perimeter.  It  is  not 
possible  to  adjust  the  analysis  for  other  conditions  more  likely  to  exist.  However,  it 
does  reflect  the  first  real  attempt  to  show  that  flexible  linings  respond  better  than  rigid 
linings  to  the  type  of  loading  to  which  tunnels  are  subjected.  Furthermore,  the  soil 
reaction  coefficient  actually  varies  with  several  factors.  These  factors  include  the  type 
of  soils,  the  properties  of  the  soils,  the  thickness  of  the  soil  layers,  the  size  and  shape  of 
the  contact  area,  and  the  magnitude  of  the  loads.  Also,  the  choice  of  type  of  liner  may 
depend  on  the  construction  method,  corrosion  potential,  etc. 

Based  on  a  laboratory  investigation  of  perfectly  cohesionless  sand,  Terzaghi 
(1946)  suggested  that  the  weight  of  sandy  soil  or  crushed  rock  above  a  tunnel  is  only 
partially  supported  by  the  liner.  The  rest  of  the  overburden  weight  is  transferred  by 
arching  action  to  the  soil  at  the  sides  of  the  tunnel.  Figure  3  shows  the  arching  concept 
and  the  assumed  simplified  loading  system.  Terzaghi  proposed  values  of  H  ,  as  defined 
in  Figure  3,  and  the  resulting  vertical  and  horizontal  pressures  from  numerous  model 
tests,  and  his  recommended  values  are  presented  in  Table  1.  Terzaghi's  loads  were 
developed  for  a  typical  support  system  consisting  of  steel  ribs  and  lagging  for  the 
primary  lining  and  cast-in-piace  reinforced  concrete  for  the  secondary  lining.  In 
general,  the  initial  or  intermediate  loads  would  be  used  for  the  design  of  the  primary 
support  system,  while  the  ultimate  loads  would  be  utilized  for  the  secondary  liner. 
Since  the  side  friction  and  arching  effect  can  only  be  fully  mobilized  when  sufficiently 
large  soil  deformations  occur  around  the  tunnel,  this  design  theory  may  not  be 
applicable  to  tunnels  in  urban  areas  where  ground  movement  is  restricted  (Deere,  et  al., 
1969,  and  Golder  Associates  and  James  F„  MacLaren  Limited,  1976).  Also,  in  the  case 
of  single  track,  dual  tunnels,  the  excavation  of  the  second  tunnel  may  break  the  soil 
arch  around  the  first  tunnel.  Other  factors  affecting  the  integrity  of  a  soil  arch  over 
an  existing  tunnel  would  include  future  tunnel  construction  for  parallel  utilities,  pile 
driving  for  new  building  foundations,  deep  trench  excavations  for  utility  construction 
and/or  repair  and  seismic  effects. 
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FIGURE     2.      MOMENTS   AND  THRUSTS   RELATED  TO  THE  MOMENT 
OF  INERTIA   OF  A   TUNNEL  LINING    (BULL,  1944) 
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b.  ASSUMED  SUPPORT  LOADING 


FIGURE       3.      ROOF  LOAD   IN  CRUSHED  ROCK  AND   SAND 
(TERZAGHI,  1946) 


TABLE    1 


DESIGN  LOADS  FOR  TUNNEL  IN  SOIL 
(Terzaghi,  1946) 


(A)   Values  of  H 


Material 


Time 


H    min. 

P 


H    max. 
P 


Dense  Sand 


Initial 


0.54  (B+H  ) 


1.20  (B+H  ) 


Ultimate 


0.62  (B+H  ) 


1.38  (B+H  ) 


Loose  Sand 


Initial 


0.94  (B+H  ) 


1.20  (B+H  ) 


Ultimate  1.08  (B+H  ) 


1.38  (B+H  ) 


Notes:  1,  H    min.  corresponds  to  excellent  mining  operations  and 


an  associated  yield  of  0.01  (B+H  ). 


H    max.  corresponds  to  poor  mining  operations  and  an 


associated  yield  of  0.15  (B+H  ). 


2.    Values  of  H    are  applicable  to  tunnels  below  the  water  table. 

For  tunnels  above  the  water  table  0.5  H    should  be  taken. 

P 


(B)    Values  of  P    and  P. 
v  h 


P    =     -5  H 
v  p 


P.    =  0.37  (0.5H+H  ) 
h  p 


Where  H   is  the  unit  weight  of  the  material  (submerged  unit 
weight  H    for  tunnels  below  the  water  table). 


In  summary,  if  the  hypothetical  constant  load  approach  is  to  be  used  as  a  design 
tool,  either  the  coefficient  of  the  lateral  pressure  or  the  modulus  of  subgrade  reaction 
must  be  assumed.  Based  on  the  tunnel  liner  design  theories  reviewed  (Hewett  and 
Johannesson,  1922;  Drucker,  1943;  Bull,  1944;  and  Deere,  et  al.,  1969),  it  is  generally 
recommended  that  the  vertical  load  on  the  tunnel  liner  be  taken  as  the  full  weight  of 
the  overburden. 

2.2.2  Tunnel  Liner  Design  Based  on  Continuum  Mechanics 

Morgan  (1961)  developed  a  theory  of  tunnel  liner  design  by  assuming  the  soil  to 
be  a  linear  elastic  medium  in  a  state  of  plane  strain.  Figure  4  shows  the  value  of  the 
maximum  bending  moment  of  a  liner  as  a  function  of  the  elasticity  of  the  soil. 
Significant  savings  can  be  achieved,  if  the  strength  of  the  soil  is  taken  into 
consideration.  However,  large  bending  momenls  can  be  developed  in  soft  to  very  soft 
clay  (modulus  of  elasticity  E  =  4  x  10  kn/m  to  3  x  10  kn/m  ).  Furthermore,  this 
theory  assumes  full  slippage  condition  and  considers  only  the  interaction  between  the 
tunnel  liner  and  the  surrounding  soil  due  to  the  distortional  component  of  an  assumed 
radial  stress  distribution. 

In  order  to  have  a  better  understanding  of  the  stress  distribution  in  a  soil  mass, 
Deere,  et  al.  (1969),  summarized  theories  of  elastic  and  elasto-plastic  stresses  and 
displacements  around  tunnels  under  some  simplified  assumptions.  However,  those 
theories  still  cannot  fuliy  simulate  soil  performance  either  during  construction  or  in  the 
post  construction  state. 

2.2.3  Tunnel  Liner  Design  Based  on  Deformation  Consideration 

Based  on  past  experience  and  field  observation  of  the  tunnel  liner  performance  in 
soft  ground,  Deere,  et  al.  (1969),  and  Peck  (1969),  have  proposed  a  new  approach  to  the 
design  of  soft  ground  tunnel  liners.  This  semi-empirical  design  procedure  consists  of 
four  separate  steps: 

(1)  Provision  for  adequate  ring  loads. 

(2)  Provision  for  bending  stresses  due  to  anticipated  distortions. 

(3)  Adequate  consideration  of  the  possibility  of  buckling,  such  as  by  jacking 
forces,  etc. 

(4)  Allowance  for  any  significant  external  conditions. 

Items  (1)  and  (2)  will  be  briefly  discussed  in  the  sections  below.  Item  (3)  is  not  a 
basis  for  liner  design;  rather,  it  is  a  criterion  for  evaluating  the  adequacy  of  the 
designed  liner.  Item  (4)  considers  the  effect  of  parallel  tunnels,  foundation  loads,  future 
excavations,  etc.  The  evaluation  of  these  quantities  is  primarily  by  engineering 
judgment  and  is  added  into  the  factor  of  safety  of  the  tunnel  liner. 

2.2.3.1  Ring  Load 

In  accordance  with  the  previous  discussion,  the  vertical  load  on  the  tunnel  liner 
should  be  taken  as  the  full  weight  of  the  overburden.  The  coefficient  of  lateral  earth 
pressure  is  usually  less  than  1.  Thus,  the  maximum  ring  load  is: 
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FIGURE   4.         MAXIMUM  MOMENT  OF  THE   LINERS   VS.   MODULUS 
OF   ELASTICITY  FOR  SOILS    (MORGAN,  1961 ) 
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p  _  -y.z-R (2-1) 

where 

P  =  ring  load  (Ib/lin  ft  of  tunnel), 

ff  =  total  unit  weight  of  material  (pcf ), 

Z  =  depth  to  the  tunnel  springline  (ft),  and 

R  =  radius  of  excavation  (ft). 

For  over-consolidated  clay,  parallel  tunnels,  etc.,  the  ring  load  should  be  increased 
accordingly. 

2.2.3.2  Bending 

From  the  review  of  21  case  histories,  Peck  (1969)  found  that  irrespective  of  the 
rigidity  of  the  liner,  the  changes  in  diameter  of  the  liner  have  rarely  exceeded  0.5%. 
The  distortions  are  effectively  prevented  by  the  strength  mobilized  in  the  surrounding 
soil.  Based  on  these  observations,  a  safe  value  of  A  R/R  ratio  can  be  selected.  (For 
example,  1.0  percent). 

The  relationship  between  the  induced  bending  moment  and  the  diameter 
distortion  can  be  derived  through  strength  of  materials  and  can  be  approximated,  as 
follows: 

M--M).  (*R) ..-(2-2) 

m         K 


where: 


M  =  maximum  bending  moment  (lb-ft/lin  ft  of  tunnel), 

E  =  modulus  of  elasticity  of  liner  (lb/sq  ft), 

I  =  moment  of  initia  of  liner  (ft  /lin  ft  of  tunnel), 


R  =  average  radius  of  liner  (ft), 

R  =  radius  of  excavation  (ft),  and 

AR        =  change  in  radius  of  liner  (ft). 

Once  the  change  in  radius  is  assumed,  the  size  of  the  tunnel  and  the  material  properties 
of  the  liner  are  known,  and  the  thickness  of  the  liner  is  selected,  the  maximum  moment 
can  be  calculated. 

This  is  a  simplified  rational  approach;  however,  more  liner  performance  data  on 
soil  types  in  which  tunneling  experience  is  lacking  are  needed  to  confirm  the  magnitude 
of  distortion  of  the  liner  to  be  expected.    As  mentioned  in  the  previous  sections,  proper 

11 


factors  of  safety  must  be  provided  to  accommodate  other  influences,,  e.g.,  parallel 
tunnels.  Also,  buckling  of  tunnel  liners  may  be  developed  due  to  high  external  water 
pressure.  The  theoretical  fluid  pressure  producing  buckling  from  the  theory  of  elasticity 
is  Pcr=  3EI/R  . 

2.3        CONSTRUCTION  OF  TUNNELS  IN  SOFT  GROUND 

There  are  three  basic  requirements  for  satisfactory  construction  and  performance 
of  a  tunnel  (Deere,  et  al.,  1969),  The  first  requirement  relates  to  the  possibility  of 
building  the  tunnel  using  a  selected  method  of  construction.  If  the  exposed  tunnel  face  or 
the  walls  are  unstable,  they  must  be  supported  by  some  means,  either  of  temporary  or 
permanent  nature. 

The  second  requirement  is  that  during  construction  induced  settlements  must  not 
damage  adjacent  or  overlying  buildings,  streets,  or  utilities.  This  requirement  should  lead 
to  the  selection  of  a  construction  method  and  liner  system  which  will  lead  to  tolerable 
ground  movements  as  the  tunnel  is  advanced. 

The  third  requirement  is  that  the  finished  tunnel  must  be  capable  of  withstanding, 
during  its  lifetime,  all  the  loads  to  which  it  may  be  subjected.  The  requirements  imposed 
by  the  normal  earth  pressures  on  the  permanent  liner  of  the  tunnel  are  usually  rather 
easily  satisfied.  The  variations  from  the  normal  conditions  may  introduce  the  principal 
adverse  influences  on  the  liner,  such  as  parallel  tunneling,  large  excavations  close-by  the 
completed  tubes,  etc.  Furthermore,  the  final  stresses  or  deformations  in  the  liner  may 
depend  largely  on  the  details  of  the  construction  method,  the  sequence  of  the  construction 
events,  and  the  behavior  of  the  surrounding  ground  during  tunneling.  Therefore,  liner 
design  methods  based  on  deformation  considerations  may  be  more  suitable  than  those 
based  on  hypothetical  loadings.  However,  with  improved  construction  techniques,  such  as 
tail  grouting,  use  of  slurry  shield,  etc.,  ground  disturbance  can  be  further  decreased. 

2.3.1     Ground  Behavior  During  Tunneling 

Terzaghi  (1950)  characterized  ground  behavior  during  tunneling  in  accordance  with 
terminology  used  by  tunnel  workers,  and  the  stand-up  time  associated  with  the  type  of 
ground  and  groundwater  conditions  (Table  2 ). 

The  difficulties  and  costs  of  construction  of  a  soft  ground  tunnel  of  given 
dimensions  depend  largely  on  the  stand-up  time  of  the  ground.  The  term  stand-up  time 
indicates  the  time  that  elapses  between  the  exposure  of  an  area  at  the  roof  of  a  tunnel 
and  the  beginning  of  noticeable  movements  of  the  ground  above  this  area.  A  major  factor 
determining  the  stand-up  time  of  an  unsupported  roof  area  with  given  dimensions  is  the 
position  of  the  groundwater  table.  Above  the  groundwater  table,  the  stand-up  time 
depends  essentially  on  the  cohesion  and  shear  strength  of  the  ground.  Below  the 
groundwater  table,  it  depends  not  only  on  the  strength  of  the  soil  but  on  its  average 
permeability,  and  on  the  degree  of  continuity  of  the  most  permeable  constituents  of  the 
formation.  A  lens  of  water-bearing  sand  in  a  silt  stratum  may  be  harmless;  a  continuous 
layer  of  sand  may  give  rise  to  a  "blow",  and  if  this  layer  communicates  with  a  large  body 
of  water-bearing  sand  within  a  short  distance  from  the  tunnel,  a  catastrophe  may  result. 
Deere,  et  al.  (1969),  summarized  and  tabulated  the  behavior  of  various  soils  as  related  to 
position  of  the  water  table  as  shown  in  Table  3. 
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TABLE  2 

SOIL  CLASSIFICATION  FOR  TUNNELING 
(Terzaghi,  1950) 


Ground 

[ 

Classification 

Tunnel  Working  Conditions 

1. 

Hard 

Tunnel  heading  may  be  advanced  without  roof 
support. 

2. 

Firm 

Tunnel  heading  can  be  advanced  without 
roof  support,  and  the  permanent  support 
can  be  constructed  before  the  ground 
will  start  to  move. 

3. 

Slow  Raveling 

Chunks  or  flakes  of  material  begin  to 
drop  out  of  roof  or  the  sides  sometime 
after  the  ground  has  been  exposed. 

4. 

Fast  Raveling 

In  Fast  Raveling  ground  the  process 
starts  within  a  few  minutes;  otherwise 
it  is  referred  to  as  Slow  Raveling. 

5. 

Squeezing 

Ground  slowly  advances  into  tunnel  without 
fracturing  and  without  perceptible  increase 
of  water  content  in  ground  surrounding 
tunnel.   (May  not  be  noticed  in  tunnel 
but  cause  surface  subsidence.) 

6. 

Swelling 

Like  squeezing  ground,  moves  slowly 
into  tunnel,  but  the  movement  is  associated 
with  a  very  considerable  volume  increase 
in  the  ground  surrounding  the  tunnel. 

7. 

Running 

The  removal  of  lateral  support  on  any 
surface  rising  at  an  angle  of  more  than 
about  34    to  the  horizontal  is  followed 
by  a  "run",  whereby  the  material  flows 
like  granulated  sugar  until  the  slope  angle 
becomes  equal  to  about  34°. 

8. 

Cohesive  Running 

If  the  "run"  is  preceded  by  a  brief  period 
of  raveling,  the  ground  is  called  Cohesive 
Running. 

9. 

Very  Soft  Squeezing 

Ground  advances  rapidly  into  tunnel 
in  a  plastic  flow. 

10. 

Flowing 

Flowing  ground  moves  like  a  viscous 
liquid.   It  can  invade  the  tunnel  not  only 
through  the  roof  and  the  sides  but  also 
through  the  bottom.   If  the  flow  is  not 
stopped,  it  continues  until  the  tunnel 
is  completely  filled. 
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Schmidt,  et  al.  (1976),  noted  that  in  granular  soils  below  the  groundwater  table  a 
small  cohesion  or  cementation  has  a  significant  stabilizing  effect  after  the  soils  have 
been  adequately  dewatered.  Knowledge  of  available  cohesion  may  allow  the  use  of  less 
expensive  construction  techniques. 

Proctor  and  White  (1977)  investigated  the  influence  of  significant  properties  of 
soils  on  their  behavior  during  the  advance  of  a  tunnel.  Their  findings  are  presented  in 
Tables  U  through  8.  Below  each  table,  under  "Field  Identification,"  a  few  easy 
methods  to  identify  these  soils  are  described.  The  following  paragraph  is  a  brief 
extension  of  the  above  tables  and  Peck's  (1969)  discussion. 

In  firm  ground,  a  heading  may  be  advanced  several  feet  or  more  without 
immediate  support.  In  raveling  ground,  the  materials  above  the  tunnel  or  in  the  upper 
part  of  the  working  face  may  sooner  or  later  tend  to  flake  off  and  fall  into  the  heading. 
This  action  will  continue  and  may  lead  to  open  cavities  above  the  tunnel  or  even  to  a 
slump  at  the  surface.  Raveling  can  be  prevented  if  at  least  moderate  support  is 
provided  at  an  early  stage,  i.e.,  before  the  loosening  becomes  extensive.  Also,  in  some 
instances,  raveling  ground  can  be  transformed  to  firm  ground  by  dewatering  or  chemical 
grouting.  Squeezing  ground  can  be  tunneled  successfully  by  hand  methods  in  free  or 
compressed  air  if  the  rate  of  squeeze  is  not  excessive.  If  the  rate  is  excessive,  shield 
tunneling  with  compressed  air  or  multiple  drifts  may  be  required.  However,  if 
compressed  air  is  used,  the  pressure  intensity  should  be  adequately  controlled  to  prevent 
any  damage  to  neighboring  facilities.  An  indication  of  the  air  pressure  required  can  be 
obtained  by  considering  the  stability  ratio  (N); 


t  H-P 


*b    n  _ 


N  = 


-Fl 


■v 


FT 


where: 


"Fl 


PI 


N  =  stability  ratio, 

%  -  unit  weight  of  the  soil, 

H  =  depth  to  springline, 

P  =  air  pressure  above  atmospheric  in  the  tunnel,  and 

S  =  undrained  shear  strength  of  the  soil. 

The  stability  ratio  should  normally  be  six-ox  less,  if  the  tunnel  is  to  be  driven  without 
undue  problems  and  surface  settlement  is  to  be  controlled  satisfactorily.  Experience 
indicates,  however,  that  if  clay  soils  are  insensitive  and  immediate  ground  support  is 
provided,  it  may  be  feasible  to  tunnel  satisfactorily  in  conditions  where  N  is  higher 
than  six. 


If  seepage  pressures  toward  the  working  face  are  permitted  to  develop,  raveling 
or  running  ground  may  be  transformed  into  flowing  ground.  Such  materials  should  first 
be  transformed  into  raveling  or  firm  ground  before  tunneling.  The  transformation  may 
be  economically  accomplished,  in  most  instances,  by  dewatering  or  with  compressed  air, 
and,  occasionally,  by  chemical  grouting  or  freezing. 
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2.3.2     Methods  of  Tunneling 

Recent  developments  indicate  a  trend  toward  use  of  shields  and  excavating 
machines.  The  shield  is  basically  a  steel  cylinder  which  is  jacked  ahead  by  thrusting 
against  the  in-place  liner.  This  shield  provides  temporary  support  of  the  soil  and  allows 
excavation  to  proceed  at  the  tunnel  face.  In  the  tail  of  the  shield,  liner  segments  are 
erected  in  preparation  for  the  shield  advance.  Details  of  shield  design  can  be  important 
to  construction  performance.  It  is  common  to  provide  an  overhanging  hood  at  the  front 
of  the  shield  for  protection  of  personnel  working  at  the  face  and  to  allow  an  inclined 
face,  which  is  more  stable  than  a  vertical  face.  The  cutting  edge  at  the  front  of  the 
shield  is  often  equipped  with  a  relieving  bar  or  bead  to  reduce  friction  and  to  allow  for 
easier  steering.  A  few  tunnels  currently  are  being  built  using  shields  with  articulated 
joints  at  two  or  more  locations  separating  the  hood  and  cutting  edge,  the  central  part 
(containing  jacks  and  excavating  equipment),  and  the  tail,  which  trails  behind.  This 
allows  greater  ease  in  turning  and  steering  without  excessive  ground  loss.  Many  types 
of  excavating  tools  are  available,  including  hand-held  spjdes  and  clay  knives,  power 
spades  or  knives,  hoe  type  excavators,  and  rotating  and  oscillating  spokes  equipped  with 
teeth  of  various  kinds.  A  new  type  of  shield,  the  slurry  mole,  maintains  a  bentonite 
slurry  under  pressure  at  the  face.  Soil  cuttings  from  the  rotating  excavators  drop  into 
the  slurry  and  the  soil-slurry  mixture  is  pumped  out. 

The  liner  segments  are  often  completely  assembled  within  the  tail  of  the  shield. 
This  construction  procedure  leaves  a  void  between  the  soil  and  liner  after  shield 
advance,  which  is  filled  by  gravel  and/or  grout.  Alternatively,  the  liner  may  be  erected, 
but  not  tied  together,  and  expanded  against  the  soil  after  shield  advance.  The  lining 
may  or  may  not  be  bolted,  and  varying  requirements  as  to  water  tightness  may  impose 
widely  different  design  and  construction  criteria. 

The  need  to  advance  a  tunnel  through  the  mixed  face  condition,  a  transitional 
zone  of  weathering,  fill  materials,  or  bouldery  talus  slopes  presents  added  difficulties 
during  construction.  The  methods  of  excavation  and  support  used  are  complicated  in 
materials  such  as  these  since  both  soft  ground  and  rock  must  be  penetrated  while  the 
stability  of  the  opening,  which  is  usually  controlled  by  the  weakest  material  present,  is 
maintained.  The  associated  problems  are  amplified  when  tunneling  through  zones  of 
weathering  where  the  transitions  from  rock  to  soft  ground,  and  vice  versa,  may  be 
irregular  and  inconsistent. 

Some  form  of  shield  tunneling  is  preferable  where  ground  control  is  of  a  critical 
nature.  But,  since  the  shield  tunneling  method  is  not  readily  adaptable  to  two  or  more 
distinctly  different  types  of  materials,  the  work  is  usually  carried  out  by  hand  mining. 
Where  drilling  and  blasting  is  required,  the  utmost  care  must  be  taken  to  stabilize  the 
soft  ground  present  in  and  above  the  working  face.  It  is  preferable  to  have  excavated 
and  supported  the  soft  ground  several  feet  ahead  of  the  rock  to  be  removed  by  blasting. 
Boulders  can  be  removed  by  breaking  them  up  with  hydraulic  splitters  and  mucking  with 
normal  soft  ground  procedures.  Critical  ground  losses  can  occur  when  boulders  are 
encountered  which  are  only  partially  within  the  tunnel  profile.  Unless  some  method  of 
supporting  the  irregular  opening  left  by  removal  of  the  boulder  is  provided,  large  ground 
settlements  can  develop. 

Water  can  have  severe  consequences  when  encountered  in  a  mixed  face  tunnel. 
Seepage  pressures  developed  by  groundwater  flow  toward  the  tunnel  face  along  the 
soil/rock  interface  can  cause  face  instability. 
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A  very  high  percentage  (more  than  half)  of  all  mixed  face  tunnels  suffer 
uncontrolled  loss  of  ground  outside  the  tunnel  profile.  It  is  not  infrequent  that  these 
losses  are  so  extensive  that  "chimneys'1  develop  to  the  ground  surface.  It  is  of  utmost 
importance  that  owners,  designers,  and  contractors  be  aware  of  the  inherent  problems 
associated  with  tunneling  in  such  random  materials  so  that  precautions  are  adopted  to 
protect  adjacent  and  overlying  structures  and  utilities  from  potential  damage. 

Special  tunneling  techniques,  if  properly  applied,  can  ease  the  problems  involved 
in  tunneling  through  random  soils.  Spiling,  grouting,  dewatering,  shotcrete  initial 
support,  and  compressed  air  have  all  been  used  but  must  be  carefully  selected  for 
application  on  a  case  by  case  basis. 

Since  different  types  of  mining  procedures,  lining  construction,  and  material 
handling  operations  are  involved  in  one  tunnel  face,  the  rate  of  advance  for  these 
conditions  may  be  much  lower  than  those  of  uniform  ground  conditions.  In  the 
subsurface  exploration  stage,  the  soil/rock  interface  should  be  identified  and  described 
in  detail  if  tunneling  in  the  mixed  face  condition  or  the  transition  zone  in  residual 
materials  is  anticipated. 

2.4        DISPLACEMENT  AROUND  SOFT  GROUND  TUNNELS 

A  major  concern  in  tunneling  through  urban  environments  is  the  possibility  of 
subsidence  of  the  ground  surface  along  the  path  of  the  tunneling  operations,  and  the 
resulting  damage  to  structures  and  utilities.  Settlements  result  from  ground  loss,  liner 
deflection,  re-densification  of  the  ground  with  time,  dewatering  and  permanent 
lowering  of  the  groundwater  level.  In  general,  for  shield  driven  tunnels  in  competent 
soils,  very  little  movement  occurs  at  the  tunnel  face.  Most  of  the  movement  develops 
over  the  shield  and  at  the  tail. 

The  potential  volume  of  lost  ground  during  tunnel  advance  is  largely  controlled 
by  soil  properties  and  the  suitability  of  the  construction  method  for  the  range  of  soil 
and  groundwater  conditions  to  be  encountered  in  the  tunnel.  Cording  and  Hansmire 
(1975)  described  the  influence  of  soil  properties  on  loss  of  ground  for  four  soil 
conditions: 

TZ  -  Pa 

(1)  Stiff  to  soft  saturated  clay:     The  stability  ratio  (     — ^ )  provides  a 

means  of  estimating  the  difficulty  during  excavation  of  a  tunnel,  and  the 
potential  seriousness  of  ground  movement  (  tfZ  is  the  vertical  overburden 
pressure  at  the  axis  of  the  tunnel;  P  is  the  compressed  air  pressure,  if 
any;  and  S  is  the  undrained  shear  strength  of  the  clay).  Usually,  for  a 
stability  ratio  less  than  4,  settlements  can  be  small  if  good  construction 
techniques  are  maintained  at  the  heading. 

(2)  Non-swelling  stiff  to  hard  fissured  clay:  Although  it  is  often  considered 
that  tunnels  in  hard  clay  will  not  develop  significant  ground  losses, 
significant  ground  losses  have  been  observed  to  develop  and  propagate  to 
the  ground  surface.  This  may  be  due  to  overexcavation,  raveling  above 
the  crown,  fractures,  or  slickensided,  curvilinear  sheared  surfaces.  Thus, 
if  an  appropriate  construction  procedure  (shield  tunneling,  liner  expansion, 
and  tail  grouting)  is  utilized,  settlement  can  be  negligible  in  this  type  of 
clay  soil. 
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(3)  Cohesionless  granular  soils:  Saturated  sands  and  gravels  overlying  low 
permeability  zones  will  tend  to  flow  into  the  tunnel  and  develop  large 
volume  losses  ahead  of  the  tunnel  and  slumps  to  the  ground  surface  if  the 
groundwater  is  not  properly  controlled.  Unless  dewatering  is  carried  out 
with  closely  spaced  wells,  areas  with  several  feet  of  water  in  the  sand  and 
gravel  above  the  low  permeability  zone  may  remain.  When  tunnel 
headings  are  advanced  into  such  situations,  the  volume  of  lost  ground 
tends  to  be  large,  and  if  at  any  time  the  face  cannot  be  properly 
controlled,  the  sand  may  flow  and  a  sinkhole  may  form.  Depending  on  the 
actual  surrounding  conditions  (depth  of  groundwater  table,  permeability, 
existing  utilities,  etc.),  dewatering,  compressed  air,  and/or  chemical 
grouting  techniques  may  be  necessary  prior  to  the  advance  of  the  tunnel 
heading. 

(4)  Granular  cohesive  soils:  Slightly  cohesive-granular  materials,  in  general, 
will  not  develop  large  displacements  in  the  face  of  tunnels  without 
groundwater  flow  into  the  face.  Most  of  the  ground  loss  will  occur  over 
the  shield  and  behind  the  tail.  These  materials  tend  to  move  immediately 
into  any  voids  over  the  shield,  rapidly  filling  voids  over  the  tail. 
Movements  occur  with  shoving  of  the  shield.  In  order  to  minimize  the 
movement  of  the  ground  behind  the  tail,  the  liner  should  be  expanded 
after  each  push  of  the  shield.  However,  the  expansion  is  not  capable  of 
fully  recovering  any  volume  that  previously  has  been  lost. 

Based  on  five  case  histories  of  WMATA  tunnels,  Clough,  et  al.  (1978),  reported 
that  for  the  chemically  grouted  tunnel  sections,  ground  movements  were  generally  small 
(less  than  2  in.),  and  in  no  case  did  serious  ground  runs  occur.  Thus,  the  chemical 
grouting  technique  can  be  used  as  an  economical  alternative  to  conventional 
underpinning.  Recent  case  histories  (Baker,  1978;  Gularte,  1979)  also  reported  that 
undesirable  surface  and  subsurface  settlements  can  partially  be  eliminated  during 
tunneling  using  compaction  grouting  techniques. 

2.5        TUNNEL  LINING  SYSTEMS  IN  SOFT  GROUND 

Tunnels  in  soft  ground  usually  are  completely  lined  to  control  the  ground  during 
and  after  excavation.  There  are  four  basic  types  of  permanent  support  systems 
currently  utilized.  They  are:  cast-in-place  concrete  liners,  precast  concrete  segments, 
fabricated  steel  liner  plates,  and  cast  iron  liner  plates.  There  is  no  generally  accepted 
rule  for  the  choice  between  these  liners.  However,  there  is  ^increasing  trend  toward 
the  use  of  flexible  liner  segments  rather  than  rigid  liners  (cast-in-place  concrete).  In 
the  following  sections  the  four  types  of  liner  systems  will  be  discussed  briefly. 

2.5.1     Cast-in-Place  Concrete  Liners 

The  cast-in-place  concrete  liner  is  a  traditional  lining  system  for  soft  ground 
tunnels.  In  the  majority  of  cases,  this  type  of  lining  system  is  associated  with  the 
temporary  steel  rib  and  wood  lagging  support  system.  Usually,  the  concrete  is  poured  a 
period  of  time  after  the  temporary  liner  is  installed,  i.e.,  the  temporary  liner 
experiences  some  stress  redistribution  before  the  concrete  is  placed.  Therefore, 
traditional  methods,  such  as  Hewett  and  Johannesson  (1922),  for  calculating  the 
controlling   moment,   thrust,   and  shear  should   be  modified  in  accordance  with  field 
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measurements  of  stress  and  strain  in  cast-in-piace  liners  for  use  in  designing  future 
linings  for  similar  conditions. 

Problems  have  arisen  in  some  cases  when  unreinforced  concrete  liners  have  been 
used  in  non-cohesive  fine-grained  soils.  If  shrinkage  cracks  develop  which  are 
approximately  three  times  the  particle  diameter,  the  soil  can  run  (dry)  or  flow 
(saturated)  into  the  tunnel.  This  can  lead  to  surface  subsidence  as  well  as  lining  failure. 
This  problem  is  especially  severe  in  water  tunnels  with  fluctuating  flows  where  the  pore 
pressures  in  the  soils  adjacent  to  the  cracks  will  be  alternately  raised  and  released. 

2.5.2  Fabricated  Steel  Liner  Plates 

Fabricated  steel  liner  plates  are  usually  designed  and  utilized  as  both  temporary 
and  permanent  liner  systems.   These  systems  have  the  following  advantages: 

1.  Maximum  support  capacity  per  unit  length  with  minimum  weight  of  steel. 

2.  Standard  plate  designs  available  for  all  shapes  of  tunnels. 

3.  Predictable  strength  and  fire  resistance. 

4.  Continuous  support  during  the  critical  mining  phase. 

5.  Easy  to  store,  handle,  and  erect  whether  the  tunnel  is  straight,  curved, 
circular,  elliptical  or  horseshoe  in  shape. 

6.  Gasketed  plates  that  seal  joints. 

One  disadvantage  of  steel  liner  plates  is  their  rough  interior  surface.  This 
surface  inhibits  the  flow  of  ventilation  air  and/or  water. 

There  are  various  methods  for  determining  the  required  strength  of  the  liner 
system.  These  methods  generally  consider  the  type  of  soil,  the  overburden  depth,  the 
size  of  the  tunnel,  level  of  groundwater,  superimposed  loadings,  overconsolidation  ratio, 
the  coefficient  of  subgrade  reaction,  etc. 

When  fabricated  steel  lining  systems  are  used  in  shield  driven  tunnels,  stiffeners 
welded,  into  the  liner  plates  are  often  needed  to  resist  the  thrust  of  the  jacks. 

2.5.3  Cast  Iron  Liner  Plates 

Cast  iron  liner  plates  are  difficult  to  handle  (more  brittle  and  heavier  than  steel 
for  the  same  required  stress);  however,  they  can  be  cast  into  any  convenient  shape  and 
no  stiffener  is  required.  Cast  iron  liners  have  not  been  used  frequently  in  the  United 
States  in  recent  years.  Therefore,  manufacturers  for  this  item  are  not  readily  available 
which  may  make  their  cost  prohibitive  with  respect  to  the  other  liners  discussed. 

The  loading  analysis  of  the  cast  iron  liner  plates  is  essentially  the  same  as  for 
any  segmental  liner,  except  for  the  different  material  properties. 
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2.5.4     Precast  Concrete  Segments 

Birkmyer  (1975)  developed  three  new  precast  concrete  lining  systems  based  on 
existing  precast  concrete  lining  systems  in  Europe,  Japan,  and  the  Soviet  Union.  These 
are  (1)  Composite  System,  which  incorporates  a  steel  perimeter  angle  (Figure  5);  (2) 
Steel  Pocket  System,  which  uses  steel  face  plates  anchored  in  the  concrete  for 
transmitting  the  bolt  forces  (Figure  6 );  and  (3)  Through  Bolt  System,  where  bolts 
passing  through  the  segments  tie  the  segments  and  the  rings  together  continuously 
(Figure  7).  A  cost  analysis  between  the  liner  segments  designed  by  Birkmyer  (1975), 
an  existing  precast  concrete  liner  segments,  and  two  fabricated  steel  liner  plates  are 
compared  in  Table  9  for  firm  ground  conditions.  According  to  the  data  presented,  a 
considerable  saving  in  lining  manufacturing  costs  can  result  from  the  use  of  precast 
concrete  lining  systems.  An  indication  of  the  tremendous  variety  of  detailed  lining 
designs  can  be  derived  from  Craig  and  Muir  Wood  (1978)  in  their  review  of  tunnel  linings 
used  in  the  United  Kingdom. 

2.6        RECENTLY  DEVELOPED  TUNNEL  LINER  DESIGN  METHODS 

By  using  continuum  mechanics  theories  and  numerical  analysis  techniques, 
quantitative  methods  of  classifying  the  stiffness  of  a  tunnel  liner  in  terms  of  both  the 
structural  properties  of  the  liner  and  the  stress-strain  characteristics  of  the  surrounding 
soil  have  been  developed  (Peck,  et  al.,  1972;  Paul,  et  al.,  1974).  For  example,  a  tunnel 
liner  may  be  categorized  as  a  rigid  liner  with  respect  to  a  soft  clay  medium,  while  the 
same  liner  may  be  classified  as  flexible  liner  in  a  hard  residual  soil  or  rock. 

The  stiffness  of  a  tunnel  liner-soil  system  is  for  convenience,  considered  to  be 
composed  of  two  independent  modes.  The  first  is  external  stiffness  (the  compressibility 
ratio),  which  is  a  measure  of  the  equal  all-around  uniform  pressure  necessary  to  cause  a 
unit  diameter  strain  of  the  liner  with  no  change  in  shape.  The  second  is  flexible 
stiffness  (flexibility  ratio),  which  is  a  measure  of  the  magnitude  of  the  nonuniform 
pressure  necessary  to  cause  a  unit  diameter  strain  which  results  in  a  change  in  shape  or 
an  ellipticing  of  the  liner.   Hoeg  (1969)  has  developed  relationships  for  these  two  ratios. 
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where: 

C  =  Compressibility  Ratio, 

F  =  Flexibility  Ratio, 

E    ,  E,  =  Modulus  of  elasticity  of  the  medium  and  the  liner,  respectively, 

vm»v£     =         Poisson's  ratio  of  the  medium  and  the  liner,  respectively, 

R,  t         =         Radius  and  effective  thickness  of  the  liner,  respectively,  and 

I.       =         Effective  moment  of  inertia  of  the  liner  cross  section  per 
unit  length. 

Paul,  et  al.  (1974),  indicated  that  the  Poisson's  ratio  of  the  medium  has  a  pronounced 
effect  on  the  compressibility  ratio  but  not  on  the  flexibility  ratio,  whereas  the 
Poission's  ratio  of  the  liner  has  negligible  effect  on  either  ratio. 

2.6.1     Closed  Form  Solutions 

The  basic  assumptions  for  the  analytical  theories  by  Peck,  et  al.  (1972),  and  Paul, 
et  al.  (1974),  are: 

(1)  The  medium  is  homogeneous,  isotropic,  and  linear  elastic. 

(2)  Tunnel  liner  is  circular  and  deeply  buried  (H/D  >  3.0). 

(3)  The  medium  with  the  liner  is  loaded  by  external  pressures  as  shown  in 
Figure  8. 

(4)  The  liner  is  placed  into  the  opening  without  disturbing  the  medium;  the 
medium  and  the  liner  are  unstressed  before  any  loads  are  applied. 

The  slippage  condition  at  the  liner-medium  interface,  the  coefficient  of  medium 
reaction  at  rest  (K  ),  the  compressibility  ratio,  and  the  flexibility  ratio  are  specially 
considered  and  plotted  against  moment,  thrust,  interfacial  shear  stress,  and  diameter 
change.  The  main  findings  and  some  typical  plots  are  discussed  in  the  following 
paragraphs. 

The  slippage  condition  has  been  found  to  have  little  influence  on  the  moment  and 
diameter  change.  However,  the  thrust  coefficient  is  strongly  affected  by  the  condition 
at  the  interface  and  K    as  shown  in  Figure    9. 

The  moment  coefficient  is  primarily  a  function  of  flexibility  ratio  and  (K  ),  as 
shown  in  Figure  10.  For  flexibility  ratios  greater  than  about  10,  the  liner  can  be  said 
to  behave  flexibly  (moments  in  the  liner  are  not  significant)  with  respect  to  the 
medium. 

Plots  of  the  thrust  coefficient  as  functions  of  flexibility  and  compressibility 
ratios  are  shown  in  Figures  9  and  11,  respectively.  The  plots  indicate  that  the 
thrust  coefficient  is  insensitive  to  the  flexibility  ratio,  especially  for  high  flexibilities. 
However,  the  thrust  coefficient  is  strongly  affected  by  slippage  conditions. 
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FIGURE     8.       LOADING  CONDITIONS  USED  IN  THE  CLOSED   FORM 
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Figure  12  indicates  that  the  maximum  interfacial  shear  stress  coefficient  is 
constant  for  all  flexibility  ratios  except  for  very  low  flexibilities.  For  a  flexibility  ratio 
greater  than  5,  magnitude  of  the  maximum  shear  stress  can  be  approximated  by  (1- 
K  )  •  %  H.  It  should  be  noted  that  interfacial  shear  stress  should  not  exceed  the  shear 
strength  of  the  medium  in  the  no  slippage  condition. 

The  variation  of  the  liner  diameter  change  (after  correction  for  free-field 
deformation)  with  flexibility  ratio  and  K  is  presented  in  Figure  13.  Where  M  is  the 
constrained  modulus  of  the  medium  surrounding  the  liner, 


M 
c 


E      (1-v      )  /-,  c\ 

m  m  (2-5) 


a  ♦  v  ja-2  *  m> 


Since  the  diameter  change  can  be  determined  by  the  moment  in  the  liner,  while  the 
moment  is  almost  the  same  for  both  full  slippage  and  nonslippage  conditions,  the 
diameter  change  is  insensitive  to  the  slippage  conditions.  However,  the  diameter 
changes  are  functions  of  flexibility  ratio  (Equation  2-4)  and  K  .  The  diameter  changes 
approach  a  constant  value  when  the  flexibility  ratio  exceeds  10.  This  would  indicate 
that  for  flexibility  ratios  greater  than  10,  the  deformations  are  primarily  governed  by 
the  stiffness  of  the  surrounding  soil. 

2.6.2     Discrete  Method  Solutions 

In  order  to  determine  the  effect  of  shallow  depths  of  cover  on  various  design 
parameters  for  tunnels,  Peck,  et  al.  (1972),  developed  finite-element  solutions  for 
different  depths  of  burial,  lining  stiffnesses,  and  initial  coefficients  of  earth  pressure  at 
rest.  Figure  14  presents  the  dimensionless  plots  for  these  parameters.  The  range  of 
these  parameters  was  selected  to  reflect  actual  tunneling  situations.  The  basic 
assumptions  are  the  same,  except  that  the  deeply  buried  (H/D  >  3.0)  item  has  been 
removed,  and  only  the  full  slippage  interface  condition  is  considered. 

In  Figure  14a,  only  the  maximum  thrust  coefficients  governing  the  design  are 
shown.  From  this  figure,  the  maximum  thrust  coefficient  is  relatively  more  sensitive  to 
the  K  value  than  the  flexibility  and  compressibility  ratios.  Referring  back  to  Figure 
11,  note  that  an  approximate  expression  for  the  thrust  in  a  tunnel  liner  having  a 
flexibility  ratio  greater  than  10  can  be  adopted  as  follows  (Peck,  et  al.,  1972): 

=    -4  (1  +  K  Xl.2-0.2C) -- (2-6) 


?HR~     2   v        *V 

Figure  14b  shows  the  dimensionless  moment  in  the  liner  versus  the  dimensionless 
depth  of  burial.  For  K  equal  to  0.5,  the  moment  coefficient  for  all  cases  is  less  than 
1%.  For  K  equal  to  2.0,  although  the  moment  coefficient  is  sensitive  to  the 
flexibility  of  the  liner,  in  all  cases  the  values  are  below  5%.  This  value  is  considerably 
lower  than  the  moment  coefficient  of  25%  based  on  the  hypothetical  loads  for  a  rigid 
liner  design.  The  benefit  which  can  be  derived  from  using  a  flexible  liner  is  clearly 
shown  in  Figure  14b. 
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FIGURE    12.      VARIATION  OF  MAXIMUM  INTERFACIAL    SHEAR  STRESS 
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(PAUL,  ET  AL,  1974) 
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FIGURE     13. 


VARIATION  OF  DIAMETER  CHANGE  WITH   FLEXIBLE 
RATIO  (PECK,  ETAL.,  1972) 
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Diameter  change  data  are  presented  in  Figure  14c.  For  Kq  equal  to  0.5,  the 
largest  coefficient  of  diameter  change  is  0.75.  Based  on  calculated  data  (not  plotted), 
the  maximum  dimensionless  deflection  is  about  1.0,  for  Kq  =  0.5  and  F  =  10.  Diameter 
change  depends  largely  on  the  moment  in  the  liner  which  in  turn  depends  mainly  on  the 
factor  (1-K  ).  Thus,  a  simplified  approximate  equation  can  be  adapted  for  F>  10,  as 
follows: 


AD  ZH 


1-K 
o 


-(2-7) 


D        _       M  0.5 

c 

If  a  value  of  Young's  modulus  (E)  equal  to  300  x  Q  (unconfined  compressive  strength) 
and  M  (constrained  modulus)  equal  to  5/3  x  E  are  assumed,  the  above  equation  can  be 
reduced  to: 

...       I  1-K_ 

„ . (2-8) 
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Thus,  for  an  overload  factor  equal  to  5,  the  diameter  change  should  be  about  1%,  which 
has  been  confirmed  by  field  observations  for  K  close  to  0.5.  Therefore,  this  equation 
can  be  useful  in  tunnel  design  practice,  especially  for  K    greater  than  1.0. 

In  order  to  simulate  the  actual  construction  conditions,  Paul,  et  al.  (1974), 
investigated  two  loading  conditions  by  means  of  finite-element  techniques— excavation 
loading  and  gravity  loading— as  shown  in  Figure  15.  For  both  cases  elastic  solutions 
with  no  interface  slippage  have  been  applied.  The  excavation  loading  would,  in 
principle,  be  developed  if  the  lining  could  be  inserted  into  the  medium  without  strain  or 
deformation  and  the  medium  inside  the  lining  then  excavated.  This  condition  can  be 
approximated  in  practice  on  tunnel  liners  constructed  by  advancing  a  series  of  adjacent 
drifts  around  the  perimeter  of  the  proposed  tunnel,  backfilling  each  with  concrete,  and 
then  excavating  the  material  inside  the  completed  ring.  This  type  of  construction 
technique  might  be  used  for  large  diameter  tunnels  driven  through  weak  materials  that 
would  not  tolerate  conventional  full-face  or  heading  and  bench  driving  methods.  Since 
the  deformation  and  disturbance  of  the  surrounding  medium  are  small,  it  is  conservative 
to  assume  that  the  full  in  situ  stress  condition  acts  on  the  completed  liner. 

The  gravity  loading  occurs  when  the  tunnel  is  excavated  and  deformations  due  to 
this  excavation  take  place  before  the  liner  is  advanced.  Once  the  liner  is  placed,  time- 
dependent  deformations  of  medium  induced  forces  and  deformations  in  the  liner.  In  the 
absence  of  such  a  nonlinear  and  time-dependent  computer  program,  an  estimate  of  the 
forces  and  deformations  in  the  liner  may  be  obtained  by  assuming  that  only  the  medium 
above  the  opening  actively  exerts  pressures  on  the  liner  due  to  the  force  of  gravity.  An 
entire  column  of  soil  having  a  width  equal  to  the  diameter  of  the  tunnel  is  applied  to  the 
liner.  Interaction  of  the  liner  and  the  medium  is  initiated  by  this  vertical  gravity  load. 
As  the  springlines  are  forced  out  against  the  medium  lateral  loads  are  mobilized.  The 
solution  for  this  loading  condition,  which  is  independent  of  the  coefficient  of  earth 
pressure  at  rest,  gives  the  liner  deformation  and  forces  directly. 

Similar  to  those  plots  illustrated  in  Figure  14,  coefficients  for  thrust,  moment, 
transverse  shear,  and  diameter  change  can  be  plotted,  and  a  qualitative  assessment  is 
provided  in  the  report  by  Paul,  et  al.  (1974).  Typical  distributions  of  liner  thrust, 
moment,    and    transverse    shear    in    the    circumferential    direction    for    three    loading 
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FIGURE      15.       ASSUMED   LOADING  CONDITIONS   (PAUL,  ET  AL.,  1974) 
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conditions  are  given  in  Figure  16.  The  loading  distributions  indicate  that  the 
maximum  loads  occur  at  different  locations  in  the  liner  for  different  loading  conditions. 
The  value  of  the  maximum  loads  also  depends  on  the  depth  of  cover.  The  loading 
distributions  presented  in  Figure  16  are  only  valid  for  liners  which  are  installed  with 
intimate  contact,  no  slippage,  between  the  surrounding  medium  and  the  entire 
perimeter  of  the  liner. 

The  longitudinal  effects  along  the  tunnel  also  are  investigated  (Paul,  et  al.,  1974) 
by  a  two-dimensional  axisymmetric  finite  element  technique  with  the  assumption 
of  K  =  1.0.  The  elastic  displacements  of  an  unlined  tunnel  due  to  excavation  are 
presented  in  Figure  17.  According  to  this  figure,  approximately  50%  of  the  elastic 
deformation  due  to  excavation  occurs  within  a  distance  of  one-fourth  the  tunnel  radius, 
and  almost  all  the  elastic  deformation  has  occurred  at  a  distance  of  1.5  diameters 
behind  the  tunnel  face.  For  shield  driven  tunnels  in  soft  ground,  the  liners  usually  are 
installed  at  the  tail  of  the  shield  approximately  two  radii  away  from  the  tunnel  face. 
Since  most  of  the  elastic  deformation  occurs  before  the  liner  can  be  installed,  only  the 
gravity  loading  condition  can  realistically  be  applied  in  this  situation.  The  time  effects 
(i.e.,  creep)  on  the  medium-liner  interaction  are  not  considered  in  this  investigation. 
Therefore,  the  use  of  these  developments  must  be  combined  with  considerable 
engineering  judgment. 

Along  the  same  line  of  development,  using  finite-element  techniques,  Ranken,  et 
al.  (1978),  investigated  the  medium-liner  interaction  for  three  loading  conditions 
(excavation  loading,  localized  gravity  loading,  and  overpressure  loading  due  to  the 
weight  of  new  surface  structures  or  the  pressure  applied  at  the  ground  surface  by  a 
nuclear  blast)  as  well  as  two  construction  sequences  (advancement  of  the  tunnel  and 
parallel  tunnels).  The  mathematical  details  of  Ranken's  study  are  beyond  the  scope  of 
this  report  and  will  not  be  discussed. 

2.6.3     Interactive  Solution 

A  three-step,  simplified,  design  oriented  analysis  of  the  loads  in  a  tunnel  liner 
has  been  developed  (Schwartz  and  Einstein,  1980).  The  simplified  method  focuses  on  the 
essential  elements  of  a  very  complicated  physical  phenomena  in  order  to  isolate  the  few 
major  factors  that  have  an  overriding  influence  on  the  support  loads.  .Major  factors 
explicitly  considered  are:  The  relative  stiffness  of  the  support  and  the  ground  mass,  the 
spatial  lag  or  delay  of  support  construction  behind  the  tunnel  face,  and  the  yielding  of 
the  ground  mass  as  its  shear  strength  is  exceeded.  The  analysis  was  developed  mainly 
for  fully  supported  circular  tunnels  in  ground  that  is,  or  can  be,  treated  as  time- 
independent.  Further,  it  is  assumed  the  tunnel  will  be  driven  full-face  in  free  air  at  a 
depth  greater  than  two  tunnel  diameters. 

The  steps  taken  in  the  analysis  are  as  follows: 

Step  1    Relative  Stiffness 

Closed  form  solutions  which  relate  the  relative  support  stiffnesses  to  the  tunnel 
support  loads  have  been  developed.  The  basic  assumptions  are:  plane  strain, 
simultaneous  excavation  and  support  of  the  tunnel,  and  elastic  behavior  of  the  ground 
and  support.     The  Step  1  analysis  requires  knowledge  of  the  elastic  constants  for  the 
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ground  and  supports,  geometry  and  properties  of  the  supports,  and  in  situ  stress  field. 
The  analysis  considers  both  full-slip  and  no-slip  interaction  at  the  ground  lining 
interface  and  yields  the  thrusts,  bending  moments,  and  displacements  in  the  ground 
support  at  any  point  around  the  circumference  of  the  tunnel. 

Step  2  Support  Delay 

A  support  delay  factor  (  A  )  has  been  incorporated  into  the  analysis  to  account 
for  the  usual  decrease  in  load  with  delayed  support  installation.  The  major  input  is  the 
normalized  support  delay  length  (L  ./R)  which  is  the  ratio  of  the  distance  from  the 
heading  to  the  center  of  the  first  effective  support  to  the  tunnel  radius.  The 
relationship  assuming  complete  support  of   the  ground  at  L  .  is: 

Xd    =    0.98  -  0.57  (Ld/R) (2-9) 

for  K   =    1 

0.15    <   Ld/R    <    1.5 

If  there  are  additional  movements  due  to  incomplete  support  at  L  .  they  must  be  added. 

L  .               u  ' 
*d     =     0.98-0.57    (-^-)-    (^2-) (2-10) 

where 

u  '   =  additional  presupport  movement 

uf     =  total  elastic  radial  displacement 
Note:   The  support  delay  factor  (  *,)  must  lie  between  zero  and  one. 

Step  3   Ground  Yielding 

A  ground  yield  factor  (  *  y  )  was  developed  to  represent  the  increase  in  load  on 
tunnel  supports  due  to  ground  yield: 

P* 
X       =  — -5 . (2-11) 

y        P, 

s 

The  term  P*s  is  the  support  pressure  in  the  yielding  case  which  takes  into  account  the 
effects  of  both  support  delay  and  ground  yielding,  where  P'  is  the  equilibrium  support 
pressure  in  the  elastic  ground  case,  reduced  for  the  effect  of  support  delay.  The  input 
for  this  step  includes  that  of  steps  1  and  2  as  well  as  strength  parameters  for  the 
ground. 

The  final  solution  will  then  combine  each  of  the  three  steps  such  as  for  the 
support  thrust  (T*). 


T*  =     x        •    A  .  •  T (2-12) 

yd 

where 

T  is  from  Step  1. 

2.6.3.1    Comparison  with  Peck,  et  al.  (1972) 

A  limited  comparison  was  made  between  the  design  approach  presented  at  the 
1972  Rapid  Excavation  and  Tunneling  Conference  by  Peck,  et  al.  (1972)  and  the 
approach  by  Schwartz  and  Einstein  (1980).  The  two  parameters  varied  were  the 
Poisson's  ratio  (0  to  0.4)  and  the  coefficient  of  lateral  earth  pressure  (0.5  and  2.0)  of  the 
ground.  For  the  aforementioned  comparison,  the  following  values  of  input  parameters 
were  assumed: 

E  =  4,000,000  psf 

R  =  10  ft 

v   =  v       =  0.25 
s       I 

E  =  E„     =  4,176,000,000  psf 

o  Jo 

Ag  =  10.27  sq  in.  =  0.0713  sq  ft 

t    =  0.85  in.  =  0.0708  ft 

I       =  32.16  in.*  =  0.00155  ft* 
s 

K     =   K  =  0.5  and  2.0 
o 

v      =   0.00,  0.10,  0.25  and  0.40 

Figures  18  and  19  present  comparisons  of  the  thrust  coefficients  and  moment 
coefficients,  respectively,  for  the  design  approaches  of  Peck,  et  al.  (1972),  and 
Schwartz  and  Einstein  (1980).  These  limited  comparisons  show  that  the  design 
approaches  of  Peck,  et  al.  tend  to  produce  larger  thrusts  and  moments  in  the  liner  than 
the  Schwartz  and  Einstein  method.  However,  it  should  be  noted  that  the  validity  of  the 
Schwartz  and  Einstein  design  approach  needs  further  field  verification. 

2.7        GEOTECHNICAL  PARAMETERS  FOR  TUNNELING  IN  SOFT  GROUND 
2.7.1     General 

Tunnel  design  and  construction  are  intimately  related.  In  the  process  of 
designing  the  tunnel,  the  designer  must  take  into  consideration  the  various  methods  by 
which  the  tunnel  might  be  constructed.  Only  by  doing  so  can  the  tunnel  be  constructed 
in  a  safe  and  economical  manner. 
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In  subsequent  subsections  of  this  report,  the  impact  of  geotechnical  parameters 
on  design  and  construction  will,  be  discussed.  However,  for  the  reason  previously  cited, 
this  is  an  artificial  separation  made  for  purposes  of  presentation.  In  this  regard,  design 
as  used  herein  only  refers  to  determination  of  liner  dimensions. 

For  clearer  insight  into  key  geotechnical  considerations  in  tunnel  design  and 
construction,  the  reader  is  referred  to  Volume  1  of  this  study  (Peck,  et  ah,  1980). 

2.7.2  Design 

Based  on  our  review  of  available  tunnel  liner  design  techniques,  as  presented 
herein,  the  geotechnical  parameters  required  for  design  are  as  follows: 

(1)  Depth  of  overburden. 

(2)  Position  of  groundwater  table. 

(3)  Coefficient  of  lateral  earth  pressure  and  subgrade  reaction. 

(4)  Strength  (unit  cohesion  and/or  angle  of  internal  friction). 

(5)  Poisson's  ratio. 

(6)  Unit  weight. 

In  recently  developed  design  methods,  material  properties  of  the  potential  liner  sections 
must  be  known  before  the  lining  system  can  be  designed.  Using  the  above  information, 
the  liner  size  can  be  determined  for  various  lining  systems.  However,  the  shape  of  the 
tunnel  section  usually  is  pre-determined  by  the  construction  method  used  which,  in  turn, 
is  related  to  the  geology  of  the  site. 

The  drainage  provisions  incorporated  in  the  tunnel  lining  system  have  a  direct 
impact  on  both  the  design  and  long-term  maintenance.  The  reduction  of  hydrostatic 
groundwater  pressure  by  a  drainage  system  can  greatly  reduce  the  loads  acting  on  the 
tunnel  lining.  The  water  quality  will  affect  the  selection  of  materials  for  the  lining  and 
the  specification  of  any  long  term  maintenance  operations  which  may  be  required.  The 
water  quality,  namely  pH  and  sulfate,  chloride,  carbonate,  and  calcite  contents,  affect 
the  selection  of  materials  for  the  lining.  The  resistivity  of  the  surrounding  material  will 
also  affect  the  long-term  maintenance  of  the  lining  and  other  support  members. 

The  geotechnical  parameters  required  for  the  design  techniques  covered  in  this 
report  can  generally  be  determined  using  available  site  exploration  and  laboratory 
testing  techniques  for  accessible  sites.  Therefore,  unless  a  future  breakthrough  in 
tunnel  liner  design  occurs  requiring  different  design  parameters,  no  improvements  in 
currently  available  site  investigation  techniques  are  required  for  accessible  sites  solely 
for  purposes  of  design.  New  site  investigation  techniques  are  required  to  establish 
ground  parameters  for  design  at  inaccessible  sites. 

2.7.3  Construction 

Contractors  approach  geotechnical  information  provided  by  owners  with  varying 
degrees  of  apprehension.  Some  ignore  it  while  others  commission  their  own  studies. 
There  is,  therefore,  a  very  uneven  approach  to  bidding  work  and,  in  some  cases,  the 
bidding  process  may  be  little  more  than  a  lottery. 

Even  those  contractors  who  commission  their  own  studies  or  reviews  may  not  be 
in  a  position  to  make  full  use  of  the  information  developed  because  it  becomes  available 
too  late  in  the  bidding  period.   Once  the  estimator  has  proceeded  on  the  basis  of  his  own 
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judgment,  using  the  available  geotechnical  report  to  confirm  or  modify  this  judgment, 
he  will  rarely  change  his  figures  to  reflect  an  expectation  of  more  favorable  conditions 
although  he  will  add  a  contingency  for  those  less  favorable  than  he  had  originally 
anticipated. 

Given  this  situation,  the  owner's  best  interest  will  be  served  if  he  provides  a  full 
and  complete  geotechnical  report  for  all  but  the  most  straightforward  projects.  Ideally, 
this  report  should  represent  the  owner's  guarantee,  or  at  least  indicate  his  degree  of 
confidence  in  the  data  provided  as  a  basis  for  any  future  changed  condition  negotiations. 

Information  specifically  useful  to  the  contractor  will  not  be  the  same  from  job  to 
job,  and  will  clearly  differ  between  soft  ground  and  rock  tunnels  or  between  tunnels  and 
caverns.  However,  in  general,  the  types  of  information  provided  should  serve  to  allow 
judgments  to  be  made  concerning: 

1.  Temporary  support  design. 

2.  Water  problems. 

3.  Stability  problems. 

4.  Safety. 

5.  Best  construction  method. 

6.  Muck  handling  and  disposal. 

7.  Conditions  of  access. 

8.  Anticipated  overbreak. 

9.  Size  and  frequency  of  boulders. 

2.7.3.1  Temporary  Support 

The  contractor  is  generally  responsible  for  design  of  the  primary  tunnel  lining  as 
well  as  temporary  support  for  shafts.  As  a  result,  he  requires  the  same  geotechnical 
parameters  as  the  designer  (previously  cited  in  Section  2.7.2)  to  accomplish  these  goals. 
The  design  values  the  contractor  uses  for  his  temporary  support  design  may  not  be 
equivalent  to  those  used  by  the  designer  for  the  permanent  support.  This  is  due  to  the 
lower  degree  of  conservatism  applied  to  temporary  supports  and  the  contractor's  more 
intimate  knowledge  of  the  construction  procedures  which  will  be  used.  As  a  minimum, 
he  will  require  design  values  for  shear  strength  parameters  (unit  cohesion  and  angle  of 
internal  friction),  coefficient  of  lateral  earth  pressure,  a  modulus  of  subgrade  reaction 
and  Poisson's  ratio,  and  estimates  of  ground  surface  and  water  table  elevations  relative 
to  construction.  Relative  to  the  latter,  the  contractor  should  be  provided  with 
estimates  of  the  type  of  water  flow  anticipated  both  with  respect  to  volume  and 
whether  the  flow  will  be  constant  or  decaying  with  time. 

Another  key  characteristic  important  to  the  contractor  is  stand-up  time,  i.e.,  the 
length  of  time  the  tunnel  walls  and  face  can  remain  stable  without  support.  This  will 
have  a  substantial  impact  on  his  planned  construction  sequencing  and,  correspondingly, 
the  cost  of  the  proposed  tunnel.  Related  to  stand-up  time  would  be  knowledge  of  the 
slaking,  squeezing  or  swelling  characteristics  of  the  ground  through  which  the  tunnel  is 
to  be  driven. 

2.7.3.2  Water  Problems 

One  of  the  principal  differences  between  soft  ground  and  rock  tunneling  is  the 
impact  of  water  on  construction.  Potentially,  water  can  be  much  more  of  a  problem 
when  driving  tunnels  through  soft  ground  than  through  rock. 
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The  contractor  should  be  provided  with  an  indication  of  whether  the  flow  will  be 
steady  or  decaying,  whether  the  water  has  access  to  a  recharge  source,  whether  the 
water  is  from  a  perched  water  table,  the  temperature  of  the  water,  the  potential  effect 
of  dissolved  salts,  the  effect  of  water  on  the  formation  being  excavated,  e.g.,  will  the 
formation  be  transformed  into  flowing  ground,  and  the  contractor  should  be  informed  of 
the  presence  of  water  under  pressure  below  the  excavation  and  maintained  by  thin 
impervious  strata. 

2.7.3.3  Stability  Problems 

Stability  problems  are  generally  associated  with  stand-up  time.  Unfortunately, 
the  state-of-the-art  of  tunneling  is  not  such  that  one  can  accurately  predict  stand-up 
time  from  geotechnical  parameters.  However,  research  is  currently  underway  to 
improve  our  ability  in  this  area  (Myer,  et  al.,  1977).  In  the  interim,  tunnel  designers  and 
contractors  will  have  to  continue  to  rely  on  past  experience. 

The  principal  geotechnical  property  relating  to  stability  of  the  tunnel  face  and 
excavated  surfaces  is  shear  strength,  particularly  cohesion.  Deterioration  of  shear 
strength  with  time,  e.g.,  as  a  result  of  drying  or  seepage  pressure  from  water  entering 
the  tunnel  face,  can  lead  to  raveling,  running  or  flowing  ground. 

Residual  stresses  within  the  soil  can  also  lead  to  instability  of  the  tunnel  face 
and  walls.  They  can  result  in  squeezing  and  swelling  of  the  ground  surrounding  the 
tunnel.  Knowledge  of  the  geologic  history  of  the  area  can  be  instrumental  in 
determining  whether  residual  stresses  may  be  a  problem.  More  needs  to  be  known  about 
the  source  or  origin  of  residual  stresses  in  both  soil  and  rock,  and  how  to  predict  their 
presence  and  strength. 

Gould  (Hampton,  et  al.,  1980)  summarized  stability  problems  related  to  tunneling 
and  indicated  the  geotechnical  properties  and  parameters  required  to  evaluate  them. 
Gould's  summary  is  reproduced  in  Table    10. 

2.7.3.4  Safety  Problems 

Gas  is  always  a  potential  health  hazard  in  tunnel  construction.  An  effective  gas 
monitoring  program  is  necessary  to  avoid  potential  problems  related  to  the  presence  of 
explosive  and/or  noxious  gases.  In  so  doing,  air  samples  must  be  taken  at  the  bottom  of 
borings  and  tunnels  as  well  as  at  the  top  in  order  to  detect  potentially  dangerous  gases 
which  are  both  heavier  than  air  as  well  as  lighter  than  air. 

Effort  is  also  needed  to  identify  the  properties  and  sources  of  gases,  and  to 
predict  their  occurrence. 

Attempts  must  also  be  made  to  detect  the  presence  of  caustic  minerals  in  the 
ground.  Ground  which  slakes  when  exposed  to  air  or  water  must  also  be  identified  since 
they  can  represent  a  safety  hazard. 

2.7.3.5  Best  Construction  Method 

Based  on  consideration  of  the  matters  discussed  in  this  section,  a  well  planned 
and  executed  site  investigation  program  can  yield  sufficient  information  so  the 
contractor  can  select  the  construction  method  best  suited  to  the  ground  conditions.    If 
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Specific  Procedures 
for  Investigation 
and  Evaluation 

Boring,  sampling 
&t  detailed  sample 
examination  & 
identification 

Geologic  literature 
survey,  field  exam- 
ination and  logging 

Geophysical  surveys 
to  determine 
discontinuities 

Boring,  sampling  & 
index  testing  of 
cores:  unconfined 
strengths;  hardness 
Index  values; 
thin-section  or 
mineral  identifi- 
cation 

Geologic  literature 

survey,  field  examination 

Borehole  testing 

Geophysical  index 
tests 

Special  index 
testing  of  cores: 
hardness,  mineral 
content 

Geologic  mapping 
of  trial  excavations 

Geophysical  pro- 
filing and  rock 
properties 

Detailed  survey  of 
utilities  and 
conditions 

Index  testing  of 
soil  samples  and 
rock  cores  for 
organics  &  pyrites 

Testing  of  ground 
water  samples 

Exploratory 

Approaches  to 

Identify  Problem 

General  Identifica- 
tion of  strata  and 
gross  properties 

Full-scale  field 
exploration:   test 
shafts,  drifts  and 
adits 

Exploration  direct- 
ed to  high  quality 
core  recovery 

In-situ  testing 
of  rock  mass  pro- 
perties 

General  geology  and 
exploration  as 
for  structure  pro- 
blems 

Also  Include  full- 
scale  trial  shafts, 
drifts  and  adits 

Study  and  review 
and  examine  pre- 
vious site  uses 

Testing  and  record- 
ing gas  presence  in 
exploration  and 
borings 

Setting 

Peculiar  to 

Problem 

General  soft  ground 

problem,  but  especially 
In:  torrential  alluvium; 
profile  of  residual 
soils;  soft  sedimentary 
rocks;  highly  overcon- 
solidated  clay-shales 

General  rock  problem, 
but  critical  aspects  in: 
jointed  and  foliated 
metamorphics; 
deeply  penetrated  by 
weathering,  and 
scdimentaries  with 
varying  properties  oc 
discontinuities 

General  rock  problem 
but  critical  aspects 
as  above.    Also  critical 
ini   hard  massive 
crystalline  rock  or 
siliceous  sedimentarles 

Built-up  urban  areas, 
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additional  information  is  required  it  will  become  evident  from  his  review  and  this  may 
lead  to  excessive  contingencies. 

Due  to  the  fact  that  tunnel  design  and  construction  are  intimately  related,  the 
tunnel  designer  should  consider  those  matters  related  to  constructibility  as  a  part  of  the 
normal  design  procedure.  Correspondingly,  the  current  trend  is  to  have  the  tunnel 
designer  prepare  a  tunnel  design  report  which  details  the  geotechnical  conditions  along 
the  proposed  tunnel  alignment,  discusses  potential  problems  of  construction  which  might 
arise  and  suggests  possible  ways  in  which  these  problems  might  be  overcome.  Assuming 
this  report  is  written  before  the  start  of  final  design  and  is  provided  to  the  contractor 
prior  to  bidding,  it  should  be  of  aid  to  both  the  designer  and  the  contractor,  and  should 
lead  to  lower  bid  prices,  especially  if  the  validity  of  the  report  is  not  negated  by 
exculpatory  statements. 

2.8        CONCLUSIONS 

Based  on  the  information  presented  in  this  chapter,  the  following  conclusions 
have  been  reached  regarding  the  design  and  construction  of  tunnels  in  soft  ground. 

2.8.1     Design 

(1)  A  review  of  the  state-of-practice  of  tunnel  liner  design  indicates  that  the 
currently  utilized  geotechnical  design  parameters  are  as  follows: 

(a)  Soil  profile. 

(b)  Position  of  the  groundwater  table. 

(c)  Shear  strength  (unit  cohesion  and  angle  of  internal  friction). 

(d)  Modulus  of  subgrade  reaction  and/or  coefficient  of  lateral  earth 
pressure. 

(e)  Poisson's  ratio. 

(f)  Unit  weight. 

The  aforementioned  parameters  can  be  estimated  using  available  site 
investigation  and  laboratory  testing  techniques. 

(2)  Most  of  the  design  methods  studied  assume  linear  elastic  behavior. 
Strictly  speaking,  this  assumption  is  not  valid.  Correspondingly,  advancement  of  the 
state-of-the-art  of  tunnel  liner  design  requires  development  of  nonlinear,  inelastic 
design  procedures  which  more  closely  relate  to  real  life  response  of  liner  and  ground  to 
tunneling.  These  procedures  should  be  checked  for  accuracy  by  the  use  of 
instrumentation  which  will  permit  comparison  of  predicted  behavior  with  actual 
behavior. 

(3)  The  accuracy  of  currently  used  methods  of  tunnel  liner  design  needs 
further  verification  where  potential  cost  savings  exist.  This  can  be  done  by  providing 
instrumented  test  sections  which  can  monitor  the  response  of  both  the  ground  and 
tunnel  liner  to  tunneling. 
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(4)  Tunnel  design  and  construction  are  related.  In  order  for  the  designer  to 
satisfactorily  design  a  tunnel  he  must  understand  the  response  of  the  ground  to 
tunneling  and  how  the  contractor  will  build  the  tunnel.  A  current  trend  is  to  have  the 
designer  prepare  a  design  report  which  discusses  the  geotechnical  conditions  along  the 
route  of  the  proposed  tunnel  and  their  impact  on  tunnel  design  and  construction.  This 
procedure  has  two  advantages.  The  first  is  that  it  forces  the  designer  to  logically  think 
through  the  design  and  construction  of  the  tunnel.  Second,  such  reports  also  provide  the 
contractor  with  the  designer's  "best  estimate"  of  ground  conditions  along  the  line  of  the 
tunnel  and  an  indication  of  potential  problems,  with  approximate  locations,  which  the 
contractor  is  likely  to  encounter.  The  availability  of  this  report  should  lead  to 
economies  in  tunnel  costs,  especially  if  the  validity  of  the  report  is  not  negated  by 
disclaimers  and  is  provided  to  the  contractor  in  a  timely  manner. 

2.8.2    Construction 

Geotechnical  ground  parameters  are  used  by  the  tunnel  contractor  for  (1)  design 
of  temporary  support,  including  the  primary  tunnel  lining,  (2)  gaining  an  appreciation  of 
potential  groundwater  problems  and  arriving  at  decisions  as  to  how  to  cope  with  them, 
(3)  making  an  assessment  of  stability  problems  and  deriving  solutions  to  same,  (4) 
assessing  potential  safety  hazards,  and  (5)  determining  the  best  methods  of  tunnel 
construction.  For  these  purposes,  all  the  geotechnical  parameters  needed  for  design 
plus  additional  information  regarding  the  water  regime,  the  presence  or  absence  of 
noxious  and  explosive  gases,  and  standup  time  are  required.  These  geotechnical 
parameters  can  be  reasonably  approximated  using  presently  available  site  investigation 
and  laboratory  testing  techniques  coupled  with  an  understanding  of  ground  response  to 
tunneling.  Hampton,  et  al.  (1980)  discuss  techniques  for  in  situ  determination  of  ground 
parameters  for  design  and  construction  of  tunnels.  Peck,  et  al.  (1980)  discuss  the 
philosophy  and  approach  to  site  investigation  for  tunnel  design  and  construction. 

The  great  need  in  the  area  of  site  investigation  related  to  tunnel  construction  is 
the  development  of  a  site  investigation  technique  which  can  accurately  locate 
obstructions  along  the  alignment  of  the  tunnel. 
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3.0  DESIGN  AND  CONSTRUCTION  OF  TUNNELS  IN  ROCK 

3.1  INTRODUCTION 

This  chapter  presents  pertinent  aspects  of  tunnel  liner  design  in  rock  and  the 
impact  of  geotechnical  parameters  on  the  design.  Analytical  techniques  and  empirical 
design  methods,  based  on  classification,  in  current  use  for  lining  analysis  are  reviewed. 
Tunnel  support  systems  commonly  used  in  rock  tunnels  are  also  discussed. 

3.2  REVIEW  OF  TUNNEL  DESIGN  METHODS  CURRENTLY  USED 

Discontinuities  in  rock  are  the  main  source  of  loadings  to  which  a  tunnel  in  rock 
will  be  subjected.  These  discontinuities  can  result  from  mechanical  defects  such  as 
fractures  (any  break  in  a  rock  mass)  or  from  chemical  defects  due  to  decomposition  of 
individual  mineral  constituents  of  rocks.  Therefore,  knowledge  of  the  nature  and  common 
defects  of  the  principal  classes  of  rocks  is  a  prerequisite  for  adequate  tunnel  design  (Peck, 
et  al.,  1980). 

Every  rock  mass  has  mechanical  defects,  i.e.,  fractures,  which  have  no  direct 
connection  with  its  inherent  micro  properties.  Fractures  which  are  continuous  and  have 
well  defined  patterns  are  called  "joints".  Extensive  fractures  along  which  a  relative 
displacement  of  adjoining  masses  of  rock  has  occurred  are  called  "faults."  In  some 
instances,  the  rock  adjacent  to  faults  is  completely  disintegrated  and  this  is  termed  a 
"crushed  zone"  or  "shear  zone."  In  those  instances  where  a  rock  has  inherent  mechanical 
defects,  such  as  bedding  or  cleavage  planes,  joints  and  faults  constitute  a  supplementary 
source  of  weakness. 

Since  joints  are  among  the  most  important  sources  of  load  on  the  tunnel  lining  and 
problems  in  tunnel  construction,  they  deserve  careful  consideration.  For  economical 
tunnel  design  and  construction,  it  is  important  not  only  to  know  the  jointing  pattern  in  the 
rock  and  its  orientation  to  the  proposed  tunnel  alignment  but  also  to  know  the  character 
of  the  joints.  Regarding  the  latter,  of  particular  importance  are  (1)  whether  the  joints  are 
open  or  closed,  (2)  the  character  of  the  material  filling  the  joints,  (3)  the  anticipated  flow 
of  water  toward  the  tunnel  through  the  joints  in  the  rock,  (h)  the  potential  for  movement 
along  the  joint,  etc.  Information  which  will  permit  the  designer  reasonably  to  determine 
the  jointing  pattern  in  the  rock  and  the  character  of  the  joints  should,  if  at  all  possible,  be 
obtained  by  subsurface  investigation.  However,  accurate  determination  of  joint  spacing 
and  the  water  bearing  capacity  of  a  rock  mass  is  often  difficult  prior  to  construction. 
Tunnel  linings  in  rock  are  assumed  to  support  a  rock  load  which  is  a  function  of  the  height 
of  rock  mass  that  tends  to  drop  out  of  the  roof  if  left  unsupported.  Correspondingly,  the 
rock  load  depends  principally  on  the  presence  of  discontinuities  in  the  rock  mass,  such  as 
the  spacing  and  orientation  of  the  joints,  which  may  change  from  point  to  point.  Rock 
load  also  depends  on  groundwater  conditions,  the  initial  state  of  stress  in  the  rock  prior  to 
tunneling,  the  size  of  the  tunnel  opening,  the  depth  of  embedment,  etc. 

The  concept  of  average  rock  load  (Table  11;  Terzaghi,  1946)  is  one  of  the  early 
concepts  that  quantitatively  predicts  rock  pressures  for  tunnel  support  design.  This 
criterion  has  been  used  widely,  and  found  to  be  a  workable  and  successful  design  criterion 
for  steel-supported  rock  tunnels  constructed  over  the  last  three  decades.  In  addition,  this 
criterion  usually  provides  adequate  support  capacity  even  if  rock  blocks  loosen 
significantly  above  the  crown  of  the  tunnel.  Very  few  measurements  have  been  made  of 
the  actual  loads  on  steel  ribs  installed  in  rock.  Those  measurements  which  do  exist 
suggest  that  Terzaghi's  rock  load  method  is  conservative,  particularly  when  rock  tunnels 
are  constructed  using  modern  methods  of  blasting  or  tunnel  boring  machines. 
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TABLE     1 1 
TERZAGHI  ROCK  LOADS  (Terzaghi,  19*6) 


.........  .  . ..._    .          ..     .._,            —    _,.  _. 

Rock  load  H    in  feet  of  rock  on  roof  of  support  in  tunnel 
with  width  B  (ft)  and  height  H    (ft)  at  depth  of  more  than  1.5  (B  +  H  ). 

Rock  Condition 

Rock  Load  H    in  feet 
P 

Remarks 

1.   Hard  and  intact 

zero 

Light  lining,  required  only 
if  spalling  or  popping  occurs. 

2.    Hard  stratified  or 
schistose 

0  to  0.5  B 

Light  support. 

3.   Massive,  moderate- 
ly jointed 

0  to  0.25  B 

Load  may  change  erratically 
from  point  to  point. 

k.   Moderately  blocky 
and  seamy 

0.25  B  to  0.35  (B  +  H  ) 

No  side  pressure 

5.   Very  blocky  and 
seamy 

(0.35  to  1.10)  (B  +  H  ) 

Little  or  no  side  pressure 

6.   Completely  crushed 
but  chemically 
intact 

1.10  (B  +  H  ) 

Considerable  side  pressure. 
Softening  effect  of  seepage 
towards  bottom  of  tunnel  re- 
quires either  continuous  support 
for  lower  end  of  ribs  or  circular 
ribs. 

7.   Squeezing  rock, 
moderate  depth 

(1.10  to  2.10)  (B  +  H  ) 

Heavy  side  pressure,  invert 
struts  required.   Circular  ribs 
are  recommended. 

8.   Squeezing  rock, 
great  depth 

(2.10  to  4.50)  (B  +  H  ) 

9.   Swelling  rock 

Up  to  250  ft  irrespective  of 
value  of  (B  +  Ht) 

Circular  ribs  required.   In 
extreme  cases  use  yielding 
support. 

The  roof  of  the  tunnel  is  assumed  to  be  located  below  the  water  table.   If  it  is  located  per- 
manently above  the  water  table,  the  values  given  for  types  *  to  6  can  be  reduced  by  fifty 
per  cent. 

'Some  of  the  most  common  rock  formations  contain  layers  of  shale.   In  an  unweathered  state, 
real  shales  are  no  worse  than  other  stratified  rocks.   However,  the  term  shale  is  often  applied 
to  firmly  compacted  clay  sediments  which  have  not  yet  acquired  the  properties  of  rock.   Such 
so-called  shale  may  behave  in  the  tunnel  like  squeezing  or  even  swelling  rock. 

If  a  rock  formation  consists  of  a  sequence  of  horizontal  layers  of  sandstone  or  limestone 
and  of  immature  shale,  the  excavation  of  the  tunnel  is  commonly  associated  with  a  gradual 
compression  of  the  rock  on  both  sides  of  the  tunnel,  involving  a  downward  movement  of  the 
roof.    Furthermore,  the  relatively  low  resistance  against  slippage  at  the  boundaries  between 
the  so-called  shale  and  rock  is  likely  to  reduce  very  considerably  the  capacity  of  the  rock 
located  above  the  roof  to  bridge.   Hence,  in  such  rock  formations,  the  roof  pressure  may  be 
as  heavy  as  in  a  very  blocky  and  seamy  rock. 
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With  improved  understanding  of  rock  behavior  and  the  benefits  of  accumulated 
experience,  Deere,  et  al.  (19/0),  proposed  practical  guidelines  for  the  selection  and  sizing 
of  primary  support  systems  for  tunnels  in  rock.  Their  basic  concept  is  that  the  support 
system  installed  in  the  tunnel  be  considered  as  reinforcement  to  assist  the  rock  to  support 
itself  rather  than  to  actually  support  the  rock.  The  proposed  criteria  are  presented  in 
Table  12.  Major  improvements  over  Terzaghi's  method  are  related  (1)  to  the  use  of  a 
quantified  rock  quality  designation  (RQD)  as  an  index  of  the  rock  condition,  (2)  to  the 
distinction  between  drilling  and  blasting  as  well  as  machine  excavated  tunnels,  and  (3)  to 
generally  reduced  rock  loads.  In  establishing  this  method,  Deere,  et  al.  (1970),  have 
assumed  that  the  support  system  is  installed  as  close  to  the  face  as  possible,  i.e.,  about  2 
to  k  feet,  and  that  the  steel  ribs  are  properly  erected  and  blocked.  These  criteria, 
together  with  the  designer's  personal  experience,  form  a  basis  for  design,  although  some 
minor  changes  will  doubtless  be  required  during  construction  to  account  for  the  inevitable 
uncertainties,  such  as  the  difficulty  of  installing  support  close  to  the  face  in  a  machine 
bored  tunnel.  Figure  20  presents  a  comparison  between  Terzaghi's  and  Deere's  rock  loads 
as  well  as  field  measurements.  From  this  figure,  Deere's  rock  loads  are  about  20%  smaller 
than  Terzaghi's,  but  still  are  larger  than  the  average  of  all  observations.  The  potential 
savings  in  steel  rib  costs,  resulting  from  the  use  of  tunneling  machines  are  evident  from 
the  25  percent  reduction  in  rock  loads  shown  on  the  aforementioned  figure.  A  further 
design  aid  for  shotcrete  is  also  suggested  based  on  Liner  and  Lauffer's  (1970)  classification 
of  rock,  as  shown  in  Figure   21. 

Most  large,  underground  openings  in  good  quality  rock  (RQD  >  50)  are  usually 
constructed  using  heading  and  bench  or  small  multiple  drifts.  Their  roofs  are  generally 
supported  by  rock  bolts  and  progressive  loosening  of  rock  blocks  is  minimized  because  the 
rock  bolts  restrain  rock  movement.  Cording,  et  al.  (1972),  indicated  that  over  large 
chambers  the  rock  bolted  ground  arch  is  capable  of  supporting  a  height  of  rock  equivalent 
to  from  0.10B  to  0.25B  (where  B  is  the  width  of  the  rock  opening),  in  rock  of  fair  to 
excellent  quality.  The  comparison  between  Terzaghi's  and  Cording's  rock  load  factors  is 
shown  in  Figure  22.  It  must  be  noted  here  that  the  extreme  differences  between  the 
opening  support  mechanism  provided  by  steel  ribs  with  blocking  and  a  rock  bolted  ground 
arch  make  the  direct  comparison  somewhat  incongruous. 

3.3        CONSTRUCTION  OF  TUNNELS  IN  ROCK 

3.3.1   Rock  Mass  Tunneling  Behavior 

Rock  mass  behavior  during  tunneling  can  be  classified  into  four  general  categories 
exclusive  of  massive  rock:  loosening  rock,  crushed  rock,  squeezing  rock,  and  swelling 
rock. 

3.3.1.1    Loosening  Rock 

Hard  and  intact  rocks  do  not  commonly  present  problems  at  the  tunnel  face.  Thus, 
the  first  five  rock  conditions  shown  in  Table  1 1  will  be  classified  as  loosening  rock  for  the 
purpose  of  discussion.  Support  is  primarily  required  to  hold,  in  place,  the  blocks 
immediately  surrounding  the  tunnel  so  that  they  do  not  move  toward  the  opening  and  allow 
larger  volumes  of  rock  to  loosen  and  displace  toward  the  tunnel.  The  size  and  shape  of  the 
blocks  are  determined  primarily  by  the  orientation  of  the  joints.  The  height  of  rock  that 
must  be  supported  above  a  tunnel  in  loosening  rock  is  related  to  the  width  of  the  opening, 
the  quality  of  the  rock,  the  strength  along  the  joints,  and  the  rock  displacements  during 
excavation  and  support.  Slaking  rock  also  can  be  classified  as  a  loosening  rock.  Slaking  is 
most  common  in  shales,  and  occurs  when  moisture  changes  take  place  at  the  surface  of 
the  tunnel  or  along  fractures  behind  the  tunnel  wall. 
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20         40  60  80         100 

ROD. 


A.  AVERAGE   FOR    TERZAGHl'S  ROCK  LOAD   FACTOR. 

B.  RECOMMENDED  FOR  STEEL  SETS,  CONVENTIONAL 
TUNNELING. 

C.  RECOMMENDED  FOR  STEEL  SETS,   MACHINE 
TUNNELING. 

o         FIELD  MEASURED  ROCK  LOADS. 


FIGURE    20.     RELATIONSHIP  OF  ROCK  LOAD  FACTORS  AND  RQD 
(DEERE,  ET  AL.,  1969) 


60 


2  sec.  10 


hr.        10    I  day  7     I  mo.  3     lyr. 
STANDUP      TIME 


100 


REINFORCEMENTS   FOR  ROCK  CLASSES 

A.  NO  REINFORCEMENT    REQUIRED. 

B.  2 -3  cm.  SHOTCRETE,-    OR   ROCK   BOLTS   ON   1.5-2  m.   SPACING    WITH 
WIRE   NET,    OCCASIONALLY    REINFORCEMENT   NEEDED   ONLY  IN  ARCH. 

C.  3  ~5  cm.  SHOTCRETE;   OR  ROCK   BOLTS  ON    I  -1.5  m.   SPACING  WITH  WIRE 
NET,  OCCASIONALLY    REINFORCEMENT  NEEDED  ONLY   IN  ARCH. 

D.  5-7  cm.   SHOTCRETE   WITH   WIRE   NET;    OR   ROCK  BOLTS   ON   0.7-1  m. 
SPACING   WITH   WIRE    NET  AND   3  cm.   SHOTCRETE. 

E.  7-15  cm.  SHOTCRETE   WITH  WIRE  NET,  ROCK  BOLTS  ON   0.5-1.2  m. 
SPACING   WITH  3-5  cm.    SHOTCRETE   SOMETIMES    SUITABLE;    OR  STEEL 
ARCHES    WITH    LAGGING. 

F.  15-20  cm.   SHOTCRETE   WITH  WIRE  NET  AND  STEEL  ARCHES;   OR 
STRUTTED    STEEL  ARCHES   WITH    LAGGING  AND   SUBSEQUENT 
SHOTCRETE. 

G.  SHOTCRETE    AND  STRUTTED  STEEL  ARCHES   WITH   LAGGING. 


FIGURE     21       CLASSIFICATION  AND  DESIGN  (LINER  AND  LAUFFER,  1970) 


61 


cr 
o 

i- 
o 
< 


< 
O 
_l 

*T 

O 

o 


3.0 


2.0 


1.0 


VERY 
POOR 


POOR 


FAIR 


G00D- 
EXCELU 


STEEL  RIBS,  WOOD 
BLOCKING  (LARGE 
DISPLACEMENTS) 
(TERZAGHI,I946) 


EXPERIENCE; 

YIELD  CAPACITY, 

ROCK  BOLTS  IN 

CHAMBERS -^zzzzzzzzzzz 


± 


i 


25  50  75 

ROCK    QUALITY,    R.Q.D. 


0.25 
0.10 

00 


nB/ 


FIGURE    22. 
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CHAMBERS  AND  STEEL  RIB  SUPPORTED  TUNNELS 
(CORDING,  ET  AL.,  1972) 


62 


3.3.1.2  Crushed  Rock 

Crushed  rock  is  a  type  of  rock  which  has  been  subjected  to  intense  deformation, 
e.g.,  by  shear  in  fault  zones,  tectonic  folding,  or  by  rapid  cooling  of  either  volcanic  or 
intrusive  rock,  such  that  ix  has  been  reduced  to  a  granular  form  similar  to  cohesionless 
sand.  The  sixth  rock  condition  (Table  11),  completely  crushed  but  chemically  intact,  can 
be  classified  under  this  category.  Depending  on  the  particle  size  distribution,  depth  of 
overburden,  location  of  groundwater  table,  and  allowable  deformation  of  the  support 
system,  based  on  Terzaghi's  model  tests  with  perfectly  cohesionless  sand  (Terzaghi,  1946), 
some  load  reduction  due  to  the  arching  effect  may  be  taken  into  account.  However,  the 
actual  overburden  load  reduction  in  this  kind  of  rock  should  be  based  on  field  observations 
of  support  behavior.  A  continuous  support  system  and  tight  backpacking  is  required  for 
this  type  of  rock. 

3.3.1.3  Squeezing  Rock 

Squeezing  rock,  items  7  and  8  in  Table  11,  "slowly  advances  into  the  tunnel 
without  perceptible  volume  increase.  Prerequisite  for  squeeze  is  a  high  percentage  of 
microscopic  and  sub-microscopic  particles  of  micaceous  minerals  or  of  clay  minerals  with 
a  low  swelling  capacity"  (Terzaghi,  1946).  The  squeezing  occurs  when  the  rock,  meeting 
the  above  criteria,  is  too  weak  to  support  the  additional  loads  caused  by  excavation  of  the 
tunnel  opening.  The  effect  of  the  overload  may  be  unnoticeable  to  the  human  eye  where 
the  rock  is  friable  or  somewhat  plastic.  However,  brittle  rock  may  spall  or  pop  off  of  the 
tunnel  walls  explosively  when  stressed  beyond  yield.  The  behavior  becomes  more 
complicated  when  residual  tectonic  stresses  are  present  and  when  weak  and  strong  strata 
exist  in  the  excavated  cross-section. 

The  tunnel  support  system  for  squeezing  rock  is  required  not  only  to  support  the 
weight  of  the  blocks  that  loosen  immediately  around  the  tunnel,  but  also  to  stabilize  the 
rock  that  creeps  with  time  into  the  opening  and  increases  pressures  on  the  support  system. 
The  pressures  that  build  up  on  the  support  system  are  a  function  of  the  creep  strength  of 
the  squeezing  rock,  the  in  situ  stresses  in  the  rock,  and  the  creep  deformations. 

The  best  approach  to  providing  adequate,  stable,  and  economical  support  in  such 
conditions  is  to  provide  light,  temporary  support  sufficient  to  prevent  loosened  material 
from  endangering  men  and  equipment  in  the  tunnel,  while  allowing  a  new  state  of 
equilibrium  to  develop,  and  then  installing  permanent  support  after  stress  redistribution  is 
well  advanced.  If  the  squeezing  stresses  are  moderate,  rock  bolts  can  be  used  to  develop  a 
rock  arch  early  enough  to  prevent  major  squeezing  movements  from  occurring.  It  should 
be  noted  that  the  use  of  rock  bolts  in  "popping"  rock  is  dangerous.  Shotcrete  is  usually 
used  to  provide  a  diaphragm  between  rock  bolts,  since  it  is  easily  repaired  once  the  stress 
redistribution  has  taken  place.  The  use  of  steel  ribs  and  lagging,  as  is  quite  common  in 
squeezing  rock,  has  two  major  disadvantages:  (a)  the  straight  leg  of  a  horseshoe  set  offers 
little  resistance  to  lateral  loads,  and  (b)  the  presence  of  steel  sets,  especially  in  a 
deformed  condition,  complicates  excavation  to  re-establish  the  required  cross-section. 

As  implied  in  the  preceding  paragraphs,  permanent  lining  design  will  be  simplified 
if  some  squeezing  is  allowed  to  proceed  before  the  permanent  lining  is  installed,  since  the 
rock  will  then  largely  be  supporting  itself.  In  confined  conditions,  the  lining  may  be  called 
upon  to  resist  varying  loads  which  may  in  some  cases  exceed  those  due  to  the  overburden. 
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3.3.1.4   Swelling  Rock 

Swelling  rock,  item  9  in  Table  11 ,  "advances  into  the  tunnel  chiefly  on  account 
of  expansion.  The  capacity  to  swell  seems  to  be  limited  to  those  rocks  which  contain 
clay  minerals  such  as  montmorillonite,  with  a  high  swelling  capacity"  (Terzaghi,  1946). 
The  presence  of  materials  capable  of  swelling  should  always  be  suspected  when 
alteration  products  are  found  in  the  rock.  The  squeeze  of  a  swelling  rock  into  a  tunnel 
is  always  associated  with  an  increase  of  the  water  content  and  a  loss  of  strength  of  the 
rock  adjoining  the  tunnel.  Water  from  any  source  can  result  in  swelling,  even  water 
drawn  from  cast-in-place  concrete.  The  best  control  is  the  exclusion  of  water  from  the 
tunnel,  but  this  is  rarely  a  possibility. 

The  pressure  on  the  support  in  tunnels  through  swelling  rock  depends  primarily  on 
the  swelling  capacity  of  the  rock  which  is  analogous  to  the  swelling  capacity  of  clays. 
Einstein  and  Bischoff  (1975)  recommended  design  features  and  construction  procedures 
that  can  reduce  swelling.  They  include  use  of  (1)  an  invert  arch,  (2)  anchored  or  bolted 
invert  slab,  (3)  frangible  back-packing  or  compressible  support,  and  (4)  counterstress 
slots. 

Swelling  clays  present  in  joints  intersecting  the  tunnel  can  also  be  controlled  by 
first  cleaning  out  the  joint  near  the  tunnel  opening,  backpacking  it  with  soft  or 
compressible  material,  and  then  covering  the  joint  with  a  reinforced  shotcrete  layer 
secured  to  the  rock  mass  with  anchors.  For  joints  not  intersecting  the  rock  at  a  near 
perpendicular  angle,  control  is  more  difficult  but  considerable  success  has  occasionally 
been  reported  by  using  rock  bolts  to  keep  joints  tightly  closed.  A  strong  permanent 
lining  installed  immediately  behind  the  face  offers  the  best  choice,  since  this  will  both 
resist  the  loads  and  exclude  water  from  the  clay. 

It  should  be  noted  that  altered  rock  is  often  weak  enough  to  be  subject  to 
squeezing  so  that  swelling  and  squeezing  conditions  may  both  be  present  at  the  same 
time. 

When  rock  in  the  tunnel  is  exposed  to  the  atmosphere,  dessication  may  occur 
with  time.  This  can  lead  to  volume  reduction  (shrinkage)  in  the  rock  and  spalling, 
resulting  in  loosening  of  liner  sets,  lagging,  etc. 

3.3.2     Geotechnical  Problems  in  Rock  Tunneling 

As  indicated  by  Cording,  et  al.  (1975),  the  basic  requirements  for  a  satisfactory 
tunnel  in  rock  are:  (1)  feasibility  of  construction,  (2)  protection  of  adjacent  or  overlying 
structures,  and  (3)  ability  to  perform  over  the  intended  life  of  the  project.  The  first 
requirement  assumes  the  greatest  importance.  If  the  stability  of  the  opening  can  be 
adequately  maintained  during  construction,  the  adjacent  or  overlying  structures  may  not 
be  damaged  by  associated  movements.  Adjacent  or  overlying  structures  along  the  route 
of  the  tunnel  also  must  not  be  damaged  by  vibrations  when  blasting  is  used  to  advance  a 
tunnel. 

Design  of  the  permanent  support  will  be  discussed  in  subsequent  sections.  In  this 
section,  the  main  difficulties  associated  with  rock  tunnel  construction  will  be  described. 

3.3.2.1    Rock  Problems 

The  presence  of  rock  discontinuities  or  anomalies,  and  the  details  of  rock 
structure,  can  cause  serious  problems  during  tunneling.   For  example,  a  thin  dike  of  hard 
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soft  rock  mass,  undetected  prior  to  construction,  could  affect  the  productivity  of  a  tunnel 
boring  machine. 

The  rock  encountered  in  shear  zones  or  fault  zones  is  generally  characterized  by  a 
very  close  spacing  of  discontinuities  and  a  resulting  small  particle  size.  Therefore,  it  is 
likely  to  behave  more  like  soil  than  rock.  The  occurrence  of  such  geological  conditions 
may  require  major  changes  in  the  excavation  method  as  well  as  in  lining  design,  and  will 
result  in  considerable  delays  which,  if  unanticipated,  will  create  additional  cost, 
particularly  if  the  tunnel  is  excavated  by  a  tunnel  boring  machine.  In  general,  soft  ground 
hand-mining  methods  are  used  to  mine  through  shear  zones,  with  primary  support  by  ribs 
and  lagging  being  one  of  the  practical  methods. 

If  hard  rock  and  soft  rock  zones  alternate  machine  tunneling,  using  conventional 
grippers  to  provide  thrust  may  give  unsatisfactory  results.  The  weak  zones  may  provide 
insufficient  support  to  the  grippers  and  fail  before  adequate  thrust  can  be  applied  to  the 
cutting  head.  It  is  even  possible  for  the  machine  to  become  seriously  misaligned  because 
of  this  problem.  One  solution  is  to  have  the  machine  react  against  the  previously  installed 
liner  which  must  be  designed  to  take  the  thrust,  rather  than  relying  on  friction  on  the 
tunnel  wall. 

The  possible  occurrence  of  squeezing  and  swelling  rock  should  be  investigated  when 
shales  or  schists  are  encountered.  If  a  tunneling  machine  is  used  for  the  excavation,  the 
machine  may  be  stalled  in  the  zone  of  the  swelling  or  squeezing  rock.  Swelling  and 
squeezing  rocks  are  often  accompanied  by  basal  heave  in  a  tunnel  invert  and  an  increase  in 
pressure  on  tunnel  supports. 

3.3.2.2   Water  Problems 

Water  often  causes  stability  problems  and  construction  difficulties  in  tunnels.  The 
problem  may  be  related  to  (1)  high  volumes  of  water  that  are  difficult  to  handle  and  that 
can  erode  the  joint  filling  materials,  (2)  flow  of  unexpectedly  encountered  soils  that  are 
not  dewatered,  (3)  water  pressure  that  acts  on  joint  surfaces  and  affects  the  stability  of 
rock  blocks,  (4)  water  temperature,  (5)  water  chemistry,  or  (6)  water  so  deep  in  the  invert 
it  interferes  with  mucking.  Some  of  the  most  difficult  problems  are  associated  with 
variations  in  permeability  of  the  rock  such  as  might  occur  where  changes  in  lithology  or 
structure  are  present.  In  some  cases,  the  water  pressure  about  the  tunnel  may  be  the 
driving  force  behind  the  squeezing  of  clay  gouge  or  altered  rock  into  the  tunnel.  Water 
pressures  can  also  create  stability  problems  by  reducing  the  effective  stress  between  joint 
surfaces,  even  if  the  quantities  of  flow  are  small. 

The  problem  of  waterbearing  joints  or  seams  may  be  overcome  by  one  of  the 
following  methods: 

1.  If  a  tunnel  is  at  a  shallow  depth,  and  the  rock  mass  is  relatively  pervious, 
lowering  the  groundwater  table  may  be  an  effective  solution. 

2.  If  the  problem  is  foreseen  during  the  progress  of  the  tunneling  operation,  it 
can  sometimes  be  overcome  by  cementing  or  chemically  grouting  the  problem  joints  or 
seams  in  stages  ahead  of  the  tunnel  face. 

3.  If  the  problem  occurs  unexpectedly,  a  quick-set  cement-chemical  grout  may 
be  effective  in  halting  the  flow.  However,  if  a  non-diminishing  or  erosive  water  flow  is 
established,  grout  may  not  serve  to  stabilize  the  flowing  water.  It  may  then  be  necessary 
to  install  a  bulkhead  adequate  to  stop  the  flow  and  then  grout  behind  it. 
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k.  Multiple  drift  construction. 

5.  Enlarged  cross-section  to  handle  water. 

3.3.2.3   Gas  Problems 

The  occurrence  of  harmful  gases  such  as  methane,  hydrogen  sulfide,  radon,  and/or 
carbon  dioxide  may  be  encountered  in  regions  of  postvoicanic  activities.  Shales  are 
sometimes  associated  with  layers  of  coal  or  anhydrite  containing  explosive  gas. 
Consequently,  it  is  imperative  that  monitoring  for  gas  be  carried  out  at  the  tunnel  face  in 
these  formations. 

Consideration  must  be  given  to  the  fact  that  harmful  and/or  explosive  gases  may 
either  be  heavier  or  lighter  than  air.  Therefore,  gas  detection  measurements  should  be 
made  both  near  the  top  as  well  as  at  the  bottom  of  a  borehole  during  the  site  investigation 
phase.  For  adequate  protection  of  miners,  an  adequate  gas  detection  system  plus  proper 
ventilation  must  be  provided  during  advance  of  the  tunnel. 

3.3.3     Methods  of  Tunneling 

Tunneling  methods  are  selected  mainly  based  on  rock  conditions,  construction 
economy  and/or  socio-environmental  constraints.  Drilling  and  blasting  methods,  and  part- 
face  and  full-face  machine  boring  methods,  are  utilized  for  most  tunnels  in  rock.  For 
some  unfavorable  rock  conditions,  such  as  crushed  rock,  squeezing  rock,  and  swelling  rock, 
hand-mining,  shields,  and  part-face  tunnel  machines  may  be  used. 

The  drilling  and  blasting  method  of  tunnel  excavation  has  been  used  for  more  than 
100  years.  Many  major  improvements  in  drilling  equipment  and  techniques,  as  well  as  in 
explosives  and  blasting  methods,  have  occurred  and  this  method  has  been  tested  and 
proven  successful  in  nearly  all  rock  conditions.  However,  it  has  some  disadvantages  when 
compared  to  the  full-face  machine  boring  method.  They  are:  (1)  Since  the  drilling  and 
blasting  is  a  cyclic  operation,  the  equipment  used  in  each  sequence  is  left  unproductive  for 
the  duration  of  other  sequences,  e.g.,  during  the  "smoke  time,"  both  manpower  and 
equipment  are  totally  unproductive,  (2)  The  drilling  and  blasting  method  cannot  provide 
detailed  control  of  the  size  and  shape  of  the  excavation,  e.g.,  overbreak  usually  results 
which  increases  the  muck  and  concrete  quantities,  and  (3)  The  drilling  and  blasting  method 
produces  an  unavoidable  loosening  of  the  rock  surrounding  the  opening  and  can  possibly 
cause  damage  to  adjacent  structures  due  to  the  vibrations  created. 

The  use  and  mechanical  design  of  tunnel-boring  machines  (TBMs)  are  governed  not 
only  by  the  behavior  of  the  rock  mass,  but  also,  and  more  importantly,  by  the  strength  and 
hardness  of  the  rock.  The  use  of  TBM's  is  also  influenced  by  the  dimensions  and  degree  of 
maximum  curvature,  if  any,  in  alignment.  TBM's  have  difficulty  with  short  standup  time 
and  with  rock  ranging  from  very  soft  to  very  hard  in  the  same  tunnel. 

It  appears  that  most  of  tne  disadvantages  of  the  drilling  and  blasting  method  have 
been  minimized  or  eliminated  by  tunnel  boring  machines.  In  addition,  the  average  rate  of 
advance  for  a  TBM  is  about  2  to  3  times  higher  than  that  for  the  drilling  and  blasting 
method.  However,  the  TBM  has  some  disadvantages  such  as:  (1)  high  initial  cost,  (2)  a 
TBM  can  readily  excavate  only  a  one-size  circular  tunnel,  and  (3)  constraints  on  the  tunnel 
alignment  because  of  the  turning  radius  of  a  TBM— the  advent  of  articulated  TBMs  has 
minimized  the  impact  of  the  latter.    Furthermore,  use  of  a  TBM  is  limited  in  some  rock 
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conditions,  as  for  example:  (1)  a  TBM  cannot  be  used  in  crushed  rock,  squeezing  rock,  and 
swelling  rock,  and,  in  general,  a  TBM  is  not  recommended  for  use  in  rocks  with  RQD  less 
than  50  to  60  percent  or  with  rock  structure  rating  (RSR)  less  than  50',  (2)  The  use  of  a 
TBM  is  uniquely  related  to  variations  in  quality  of  the  rock  mass  expected,  e.g.,  in  the 
case  of  unexpected,  drastic  variations  in  local  rock  quality,  such  as  shear  or  fault  zones  or 
zones  of  high  strength  rock,  the  incapacity  of  tunnel-boring  machines  to  adapt  to  changes 
in  rock  quality  can  be  severe,  and  hand-mining  methods  may  be  needed  to  overcome  the 
difficulty. 

Road  headers,  in  some  circumstances,  combine  the  advantages  of  TBM  and  Drill 
and  Blast  tunneling  since  they  can  excavate  non-circular  shapes  while  avoiding  disturbance 
of  the  rock  fabric.  However,  their  use  is  generally  limited  to  soft  and/or  laminated  rocks 
although  successful  use  has  been  reported  in  rock  which  is  generally  soft  but  with  hard 
inclusions.  The  inclusions  are  broken  up  by  blasting.  Advance  rates  are  normally  very 
much  lower  than  for  other  methods  of  tunneling,  although  there  are  indications  that  this 
deficiency  may  be  overcome  in  the  future. 

For  the  aforementioned  reasons,  a  very  thorough  site  investigation  is  necessary 
before  an  adequate  decision  can  be  made  on  the  selection  of  a  tunneling  method. 

3.4        TUNNEL  SUPPORT  SYSTEMS  AND  LINING  IN  ROCK 

3.4.1  Factors  Influencing  the  Behavior  of  Lining  Systems  in  Rock 

In  the  publication  entitled  Tunneling  Technology,  Golder  Associates  and  James  F. 
MacLaren  Limited  (1976)  indicated  that  the  behavior  of  tunnel  supports  and  linings  is 
influenced  mainly  by  four  factors.  They  are:  (1)  The  geometric  characteristics  of 
discontinuities  in  the  rock  mass,  (2)  The  time  between  excavation  and  placement  of  the 
support  system,  (3)  The  method  of  excavation  and  related  amount  of  rock  disturbance,  and 
(4)  Flexibility  of  the  support  lining  system. 

3.4.2  Primary  and  Secondary  Linings 

It  has  been  common  practice  during  construction  of  tunnels  in  rock  to  provide  two 
stages  of  linings:  a  primary  lining,  e.g.,  steel  rib  and  wood  lagging,  placed  directly  behind 
the  tunnel  face  to  support  the  rock  temporarily,  and  a  secondary  lining  (cast-in-piace 
concrete),  constructed  at  some  later  stage  and  designed  to  ensure  long-term  stability  of 
the  tunnel  opening.  In  general,  both  linings  are  assumed  to  support  the  entire  rock  load. 
However,  if  nondecaying  materials  such  as  steel  and  concrete  are  used  in  primary  linings, 
such  linings  can  be  made  permanent.  Therefore,  secondary  linings  are  required  only  in 
cases  where  waterproofing  or  fireproofing  of  the  primary  lining  is  required,  or  to  improve 
the  appearance,  acoustics  or  water  flow  properties  of  the  inside  of  the  tunnel.  In  swelling 
rock,  the  secondary  lining  will  have  to  carry  a  part  of  the  swelling  pressures.  If  the  tunnel 
is  to  be  waterproofed,  the  secondary  lining  will  have  to  be  designed  to  resist  external  and, 
in  the  case  of  water  tunnels,  internal  hydrostatic  pressures. 

3.4.3  Steel  Ribs  and  Wood  Lagging 

In  blocky  and  seamy  rock  conditions,  steel  ribs  with  wood  lagging  have  been  an 
effective  rock  support  system  in  tunnels;  although  recently,  there  has  been  a  tendency 
toward  use  of  other  support  systems  s'ich  as  rock  bolts  with  shotcrete.  The  size  of  the 
steel  rib  and  space  between  the  ribs  can  be  computed  by  Terzaghi's  "rock  load  method," 
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based  on  local  rock  conditions.  The  size  of  the  beams  used  ranges  from  417.7  to  12WF65. 
The  spacing  between  ribs  generally  ranges  from  1  to  7  feet,  4  feet  being  common.  After 
the  steel  set  is  positioned  and  bolted,  each  set  is  tied  back  to  the  previous  rib  with  collar 
bracing.  To  ensurs  full  development  of  the  strength  of  the  steel  ribs,  wood  blocking  points 
must  be  closely  spaced  and  tightly  wedged. 

There  are  two  advantages  to  this  system:  (1)  It  is  an  established,  proven,  system; 
the  possible  sources  of  malfunction  have  largely  been  identified  and  empirical  design 
criteria  have  been  well  established  which  have  proven  to  be  satisfactory,  and  (2)  The 
method  is  adaptable  to  any  rock  condition  as  well  as  to  local  variability  in  the  assumed 
rock  conditions. 

Steel  rib  support  systems  have  some  disadvantages:  (1)  Installation  of  the  wood 
blocking  requires  extreme  care  and  is  time  consuming,  (2)  The  wood  blocking  and  wood 
lagging  may  decay  with  time  and  cannot  be  considered  as  a  permanent  lining,  and  (3) 
Temporary  steel  rib  systems  usually  project  6  to  12  inches  into  the  excavated  tunnel 
sections,  requiring  overexcavation  of  the  tunnel,  leading  to  an  increased  cost  of  the  entire 
tunneling  operation. 

3.4.4     Rock  Bolts 

The  use  of  rock  bolts  to  support  tunnel  openings  has  been  developed  over  the  last 
two  decades.  At  first,  it  was  used  as  a  temporary  support  alternative  to  steel  ribs  and 
lagging,  but  rock  bolts  are  now  being  used  on  several  tunnel  projects  as  a  permanent 
support  system.  Long-term  experience  is  not  available  on  the  use  of  rock  bolts  as 
permanent  support.  Only  fully  encapsulated  types  should  be  considered  for  such  service 
with  close  attention  paid  to  protection  of  the  bearing  plate  end.  They  should  probably  not 
be  considered  permanent  in  any  installation  where  regular  inspection  and  replacement  will 
not  be  possible  or  practical. 

To  provide  the  necessary  rock  reinforcement,  the  rock  bolts  are  installed  in  a 
regular  pattern  to  form  a  continuous  reinforced  rock  arch  as  shown  in  Figure  23.  To 
maximize  development  of  the  rock  arch,  the  spacing  and  length  of  the  bolts  must  be 
selected  during  construction  in  accordance  with  rock  quality,  joint  condition,  size  of  the 
tunnel,  etc.  Most  rock  bolts  currently  in  use  consist  of  a  steel  rod  with  different  types  of 
anchoring  systems,  such  as  split  rod  bolts,  expanding  shell  bolts,  resin  rock  bolts,  etc.  The 
split  rod,  or  "split  set",  rock  bolt  was  introduced  several  years  ago.  This  bolt  consists  of  a 
spring  steel  tube  which  has  a  longitudinal  split.  The  bolt  is  driven  into  a  predrilled  hole 
which  is  slightly  smaller  in  diameter  than  the  split  set.  This  closes  the  split  which 
provides  a  reaction  between  the  set  and  the  sides  of  the  hole.  This  type  of  bolt  is  clearly 
"temporary"  in  nature,  but  it  has  been  widely  adopted  in  the  soft  sandstones  associated 
with  uranium  mining  in  the  western  states.  Tensioned  rock  bolts  can  be  grouted  for 
permanent  protection  against  corrosion.  Resin  rock  bolts  can  be  used  in  almost  all  types 
of  rock,  because  the  anchor  force  is  developed  by  adhesion  of  resin  against  the  sides  of  the 
installed  holes.  In  an  attempt  to  allow  for  an  automatic  remote  controlled  installation  of 
rock  bolts,  the  U.S.  Bureau  of  Mines  is  presently  developing  a  fiberglass  reinforced 
po'yeste1'  rock  bolt.  This  bolt  system  consists  of  a  fiberglass  rod  forced  into  a  drill  hole 
and  grouted  in  place  with  a  polymer  resin  over  the  full  length  of  the  drill  hole.  No 
pretension  is  applied.  Results  to  date  (Habberstaad,  et  ah,  1974)  show  that  the  support 
characteristics  of  this  type  ot  bolt  are  comparable  with  those  of  resin  grouted  steel  rock 
bolts. 
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A.  BEARING  SYSTEM ;  BEARING  PLATE  .WASHER  AND  NUT. 

B.  ROCK  BOLT. 

C.  ANCHORING  SYSTEM. 

D.  ROCK  ARCH. 


FIGURE    23.      REINFORCED  ROCK  ARCH  FORMED  BY  ROCK  BOLTS 
(TAL0BREJ957) 
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Understanding  of  the  actual  behavior  of  the  rock  bolt  system  is  still  somewhat 
limited;  thus,  this  system  is  not  designed  but  selected  based  on  (1)  rule  of  thumb,  (2) 
previous  experience  under  similar  geotechnicai  conditions,  and  (3)  engineering  judgment. 
Typical  selection  features  can  be  summarized  as  follows  (Golder  Associates  and  3ames  F. 
MacLaren  Limited,  1976): 

1.  The  length  of  rock  bolts  should  be  greater  than  one-third  of  the  tunnel 
width. 

2.  Spacing  between  rock  bolts  should  always  be  less  than  the  length  of  the 
bolts.  In  the  case  of  drill  and  blast  tunneling,  spacing  should  be  less  than  one-half  the 
length  of  round. 

3.  Bolts  should  be  installed  in  a  fairly  regular  pattern— spacing  of  3  to  8  feet 
being  the  common  practice.  A  regular  pattern  is  used  for  estimating  quantities  but  the 
bolt  installation  is  dependent  on  the  conditions  in  the  field. 

4.  Bolts  should  be  installed  as  close  to  the  face  as  possible,  and  as  soon  as 
possible. 

The  use  of  rock  bolts  provides  several  advantages  as  a  tunnel  support  system.  The 
advantages  are;  (1)  Since  the  inherent  strength  of  the  rock  mass  is  used  to  help  support 
the  rock  load,  the  necessary  strength  of  the  bolt  support  system  can  be  minimized  as 
compared  to  that  of  the  steel  rib  support  system,  (2)  Due  to  the  minimum  projection  into 
the  tunnel  opening;  rock  bolts  do  not  require  any  specific  enlargement  of  the  tunnel 
diameter,  (3)  Rock  bolts  can  be  made  permanent  by  grouting  to  provide  corrosion 
protection,  so  that  a  secondary  tunnel  lining  for  structural  reasons  often  is  not  needed,  (4) 
The  installation  of  rock  bolts  is  relatively  easy  and  may  not  interfere  with  the  excavation 
process,  and  (5)  Support  can  be  provided  at  greater  speed  at  a  lower  cost. 

Despite  the  apparent  advantages  of  this  rock  support  system,  the  support  provided 
is  still  discontinuous.  Isolated  fails  of  rock  blocks  are  possible,  and  a  continuous  coverage 
of  the  tunnel  roof  by  wire  mesh  or  concrete  may  be  necessary  for  transportation  tunnels. 
Besides,  rock  bolts  are  difficult  to  utilize  in  badly  broken  rock.  In  this  case,  the  steel  rib 
support  system  may  offer  an  economical  solution. 

3.^.5    Shotcrete 

The  support  of  rock  by  a  thin  layer  (i+  to  8  inches)  of  pneumatically  applied 
concrete  is  referred  to  as  shotcrete.  The  concrete  mix  is  designed  to  develop  a  sufficient 
set  strength  within  a  few  hours,  and  a  high  strength  within  2k  hours.  Since  shotcrete  has 
no  strength  immediately  upon  application  and  requires  a  certain  time  to  develop  its  full 
strength,  its  use  is  necessarily  limited  to  rocks  having  a  stand-up  time  longer  than  the 
setting  time  of  the  shotcrete. 

Shotcrete  is  forced  into  open  joints,  fissures,  seams,  and  irregularities  in  the  rock 
surface.  It  serves  the  same  binding  function  as  mortar  in  a  brick  wail.  The  adhesion  and 
strength  of  the  shotcrete  layer  provide  significant  resistance  to  the  fall  of  loose  rock 
blocks  from  the  roof  of  the  tunnel.  Shotcrete  can  be  used  either  alone  or  in  combination 
with  other  support  systems  such  as  rock  bolts,  steel  ribs,  etc.  Reinforcing  in  the  form  of  a 
v*ire  mesh  can  also  be  used,  but  it  often  causes  problems  during  installation.  The  wire 
mesh  tends  to  vibrate  during  shotcrete  application,  thus  lowering  concrete  density  and 
reducing  the  concrete  strength.  Shotcrete  is  widely  used  to  provide  initial  support  in 
blocky  rock  to  prevent  rock  falls  from  occurring  before  rock  bolts  can  be  installed  safely. 
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Additional  shotcrete  (with  mesh  or  without)  then  serves  to  permit  the  shotcrete  and  rock- 
bolts  to  act  as  a  complementary  system. 

Shotcrete  can  provide  a  continuous,  strong,  yet  yielding  support  system  for  rock  in 
a  tunnel  opening.  It  has  the  following  advantages:  (1)  Since  the  shotcrete  can  be  installed 
immediately  behind  the  tunnel  face,  it  leads  to  a  considerable  reduction  of  the  rock  load 
due  to  loosening;  thus,  the  support  requirement  is  minimized,  (2)  By  providing  a  continuous 
seal  on  the  rock  surface,  it  prevents  air-slaking  and  moisture  entrance  into  the  rock;  thus, 
it  is  effective  in  rocks  sensitive  to  air  and  moisture  such  as  swelling  rock,  (3)  Shotcrete  is 
adaptable  for  changing  conditions  and  can  be  used  in  a  variety  of  rock  conditions. 

The  principal  disadvantages  of  shotcrete  are  the  lack  of  extensive  experience  as  a 
tunnel  support  in  a  variety  of  rock  conditions,  the  dependence  for  adequate  installation  on 
the  skill  of  the  operator,  and  the  need  for  access  near  the  working  face,  which  may  be 
difficult  in  a  TBM  driven  tunnel  or  small  diameter  tunnel  because  of  restricted  working 
space  or  difficult  access  near  the  face.  The  use  of  shotcrete  is  also  limited  in  areas  of 
crushed  rock  or  loose  soil  and  where  high  rates  of  water  inflow  prevail. 

3.4.6    Bernold  Lining  System 

The  Bernold  System  consists  of  a  concrete  lining,  reinforced  by  special  steel  sheets, 
which  can  be  erected  close  to  the  tunnel  face  to  serve  both  as  an  intermediate  tunnel 
support  and  as  a  part  of  the  permanent  lining  system  (Figure  24).  The  main  element  in 
this  system  is  a  special  corrugated  steel  sheet  as  shown  in  Figure  25.  The  sheets  have  a 
standard  size  of  3.5  feet  by  4  feet  with  0.118,  0.079,  or  0.049  inch  thickness.  To  form  a 
continuous  lining,  the  sheets  are  erected  in  accordance  with  the  tunnel  curvature  and  in  a 
4-inch  overlap  with  special  connections.  The  sheets  usually  are  erected  in  a  vault  close 
behind  the  tunnel  face  and  temporary  support  for  the  sheets  is  provided  by  steel  sets.  The 
space  between  the  vault  and  the  rock  is  filled  with  concrete  pumped  in  place.  After 
setting  of  the  concrete,  the  steel  sets  are  removed,  the  inner  surface  of  the  sheets  is 
covered  with  concrete  or  gunite. 

This  system  is  ideally  suitable  for  rocks  of  low  quality  (generally,  RQD  less  than 
50%),  especially  for  situations  wherein  falling  rocks  prevail.  The  system  presents  most  of 
the  advantages  of  shotcrete.  In  addition,  the  sheets  provide  a  greatly  increased  lining 
strength.  Full  scale  tests  in  Switzerland  and  Japan  have  shown  that  a  Bernold  lining  had  a 
load  carrying  capacity  30  to  50  percent  greater  than  that  of  an  unreinforced  concrete 
lining  of  the  same  thickness. 

The  disadvantages  of  the  Bernold  lining  system  are:  (1)  The  patented  steel  sheets 
are  costly,  (2)  Between  installation  of  the  sheet  and  setting  of  the  concrete,  a  temporary 
steel  rib  support  system  has  to  be  provided,  (3)  If  a  tunnel  boring  machine  is  used  for 
excavation,  the  jacking  forces  need  to  be  applied  by  use  of  a  temporary  steel  rib  support 
system,  and  (4)  The  rock  must  be  capable  of  supporting  itself  until  the  concrete  sets. 

3.5        LINING  DESIGN  IN  ROCK  BASED  ON  ROCK  CLASSIFICATION  SYSTEMS 

Rock  classification  systems,  when  related  to  ground  performance  during  tunneling, 
can  be  effectively  used  to  assess  rock  mass  characteristics  important  in  the  design  of  rock 
tunnels  and  in  planning  and  selecting  construction  methods  to  be  used.  A  detailed 
discussion  of  rock  classification  systems  available  for  use  in  tunnel  design  and 
construction   is    presented   in    Volume    2   of    this   study    (Hampton,   et   al.,    1980).      The 
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aforementioned  study  also  provides  an  evaluation  of  each  of  the  classification  systems 
reported*  Consequently,  this  section  will  only  summarize  significant  aspects  of 
"representative"  rock  classification  systems.  For  more  details,  see  Hampton,  et  al. 
(1980). 

3.5.1  Rock  Quality  Designation  (RQD)  Classification 

Deere,  et  al.  (1969),  related  RQD  to  Terzaghi's  Rock  Load  Factor  by  actually 
measuring  rock  loads  in  tunnels  for  both  drill  and  blast  as  well  as  machine  tunneling 
methods.  Deere,  et  al.  (1970),  provides  a  table  relating  the  quantified  RQD  to  the  design 
of  three  support  systems— steel  ribs,  rock  bolts,  and  shotcrete  for  tunnels  20  to  40  feet  in 
diameter  in  rock  (see  Table   12). 

This  classification  system  is  based  primarily  on  the  performance  of  the  steel  rib 
and  wood  block  supported  rock  tunnels,  hence,  tending  to  perpetuate  the  conservatism  of 
this  support  system.  Besides  being  a  measure  of  joint  spacing  and  other  discontinuities, 
the  RQD  could  provide  good  guidance  to  the  stability  of  the  rock  mass.  The  RQD  has  a 
limited  application  for  underground  structures  because  it  does  not  take  into  account  the 
rock  strength  parameters,  frictional  values,  method  of  construction,  etc. 

As  a  continuation  and  expansion  of  Deere's  work,  Cecil  (1975)  compared  the  rock 
bolts  and  shotcrete  requirements  of  90  cases  in  Scandinavian  tunnels  with  RQD,  velocity 
index,  and  joint  frequency  ox  the  loosening  rocks.  He  found  reasonable  correlations 
between  RQD  and  velocity  index,  and  that  most  heavier  supports  are  associated  with  the 
average  discontinuity  spacings  of  less  than  30  cm  (12  inches).  The  heavier  supports 
referred  to  here  are  closely  spaced  (  <  2  m)  rock  bolts  with  multiple  applications  of 
reinforced  shotcrete. 

Cecil  further  pointed  out  that  the  anomalies  in  correlation  between  support  and 
RQD  are  associated  with  the  presence  of  softening  clay  in  the  rock  mass,  thin  coatings  of 
clay  and  joint  filling  existing  in  widely  spaced  joints,  and  single  sets  of  steeply  dipping, 
closely  spaced,  tight  joints.  The  narrow  range  of  rock  conditions  studied  by  Cecil 
somewhat  limits  the  applicability  of  his  work. 

3.5.2  Japan  Rock  Quality  Classification 

An   independent   investigation    was   conducted    by    Ikeda   (1970)  to  correlate   the 

with  various  rock  conditions.    He  considers  the  geologic  origin,  type 

>ckj  and  seismic  velocity  as  primary  parameters.    The  groundwater  flow  and  Poisson's 

ratio  of  the  weathered  rock  are  considered  as  secondary  parameters.    Then,  based  on  the 

the  tunnel,  the  quantity  of  explosives,  steel  arch 
support,  and  concrete  lining  thickness  can  be  selected  from  the  tables  provided.  It  should 
be  noted  tnat  swelling  rocks  are  not  included  in  this  classification. 

3.5.3  South  African  Geomechanics  Classification 

J  and   .  975)  proposed  six  parameters  which  significantly  influence 

rock  mass.    They  are:    (i)  Uniaxial  compressive  strength,  (2)  RQD,  (3) 

)  Groundwater  inflow,  and  (6)  Joint  orientation.    The 

lassif ied  into  five  classes,  and  the  relative  indices  of  the  various  parameters 

are  assigned.    Summation  of  all  the  values  of  the  various  parameters  of  the  rock  mass 
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define  the  rock  quality.  Bieniawski  used  these  classes  to  estimate  standup  time  and,  based 
on  actual  field  observations  (Lama,  1978),  the  estimated  values  were  found  to  be  on  the 
conservative  side. 

The  information  derived  from  the  rating  process  is  used  to  define  the  rock  mass 
class  which,  in  turn,  is  utilized  to  select  the  appropriate  primary  supports.  Note  that  no 
rock  loads  are  provided,  and  the  classification  system  does  not  consider  the  size  of  the 
tunnel  opening.  However,  it  has  been  reported  to  work  for  openings  up  to  12  meters  with 
success  based  on  experience  with  South  African  rocks. 

3.5.4  Rock  tMass  Quality 

Rock  mass  quality  (Q)  was  developed  by  Barton,  et  al.  (1974  and  1975),  considering 
tunnels  and  large  underground  chambers  under  a  variety  of  rock  conditions  and  support 
systems.  A  total  of  200  case  records  (90  from  Cecil,  1975)  on  which  Q  is  based  included 
13  igneous,  24  metamorphic,  and  9  sedimentary  rock  types.  The  system  takes  into  account 
six  parameters  to  determine  the  rock  mass  quality.  They  are:  (1)  RQD,  (2)  Joint  Set 
Number,  (3)  Joint  Roughness  Number,  (4)  Joint  Alteration  Number,  (5)  Joint  Water 
Reduction  Factor,  and  (6)  Stress  Reduction  Factor. 

The  approach  to  evaluation  of  the  ratings  is  very  detailed.  Once  the  value  of  Q  is 
obtained,  the  support  chart  is  used  to  allocate  the  rock  opening  to  one  of  the  38  support 
categories.  This  classification  system  is  not  yet  a  complete  design  system,  but  it  provides 
a  useful  guideline.  As  a  further  step,  Barton,  et  al.  (1975),  relate  the  rock  mass  quality, 
Q,  to  the  anticipated  support  pressure  for  the  roof  as  shown  in  Figure   26 . 

Einstein,  et  al.  (1979),  made  an  evaluation  of  Figure  26.  They  indicated  that  the 
support  pressure-rock  mass  quality  relationship  is  based  mainly  on  large  span  caverns.  In 
most  cases,  the  pressures  are  interpreted  rather  than  measured.  Also,  data  from  the 
Eisenhower  (Straight  Creek)  Tunnel  has  a  significant  effect  on  the  aforementioned 
correlation  of  rock  roughness  values.  If  the  Eisenhower  case  is  omitted,  the  slope  of  the 
J  lines  will  become  fiat  with  insignificant  slope.  Therefore,  more  instrumentation  data 
are  needed,  especially  for  the  rock  mass  with  Q  in  the  range  0.002  to  0.2,  to  give  validity 
to  the  correlations  provided  in  Figure   26. 

3.5.5  Rock  Structure  Rating 

The  concept  of  rock  structure  rating  (RSR)  has  been  developed  by  Wickham,  et  al. 
(1974),  for  use  in  rapid  transit  tunneling  and  is  based  upon  case  history  data  of  53  tunnel 
projects  (broken  down  into  140  sections),  with  a  total  length  of  200  miles  in  the  midwest 
of  the  United  States.  The  tunnel  diameters  ranged  from  8  to  36  feet.  Practical  and 
empirical  applications  relating  to  tunnel  construction  were  also  considered.  The  RSR 
concept  contains  three  basic  components: 

Parameter  A  -  a  function  of  rock  type,  folding  and  discontinuities. 

Parameter  B  -  a  function  of  joint  pattern  and  direction  of  advance. 

Parameter  C  -  a  function  of  groundwater  and  joint  conditions. 

The  final  RSR  value  is  the  summation  of  these  three  parameters. 
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To  facilitate  the  use  of  the  RSR  in  the  design  of  tunnel  linings,  an  empirical 
relationship  between  RSR  and  rock  loads  has  been  developed.  These  rock  loads  can  be 
utilized  to  design  any  type  of  support  system,  i.e.,  rock  bolts,  shotcrete,  and  cast-in- 
place  concrete  arch,  etc.  There  are  two  major  limitations  of  this  correlation:  (1)  Since 
all  the  tunnel  sections  considered  had  been  supported  safely,  the  actual  factors  of 
safety  of  the  supports  are  unknown;  consequently,  the  correlation  could  be  conservative, 
and  (2)  The  correlation  is  not  applicable  to  swelling  and  squeezing  rocks. 

3.5.6     Review  of  Methods  Based  on  Rock  Classification  Systems 

The  methods  of  tunnel  support  design  based  on  rock  classification  systems  have 
great  merit.  The  main  advantage  is  that  the  systems  are  based  on  rock  parameters  for 
which  approximate  quantitative  information  can  be  obtained  from  a  geotechnicai 
investigation  prior  to  actual  excavation.  However,  it  should  be  expected  that  the 
support  system  designed  on  this  basis  would  be  subject  to  changes  during  the  course  of 
tunnel  excavation.  Rock  conditions  are  known  to  vary  within  short  distances,  so  that 
actual  values  of  the  quality  index  can  differ  locally  from  the  average  design  values 
obtained  from  a  geotechnicai  investigation.  These  rock  classification  systems  can  also 
provide  the  field  engineer  with  a  valuable  tool  for  adjusting  the  average  design  to  fit 
local  rock  conditions. 

Improvements  are  needed  in  rock  classification  systems  currently  in  use.  Based 
on  available  information,  the  following  needs  exist. 

1.  The  rock  classification  systems  generally  in  use  for  rock  tunnel  design  and 
construction  are  based  on  empirical  interpretations  of  successful  case 
histories;  hence,  they  tend  to  be  conservative.  Data  from  tunnel  failures 
in  rock  should  be  used  to  reduce  the  degree  of  conservatism  introduced 
into  the  design  of  the  support  system. 

2.  Most  of  the  classification  methods  are  based  essentially  on  tunnels 
constructed  by  drill  and  blast  techniques.  These  methods  can  be  used  for 
the  design  of  machine  driven  tunnels  only  through  the  use  of  an  empirical 
correction  factor.  Therefore,  correlation  of  classification  parameters 
with  ground  conditions  and  tunnel  support  used  in  machine  driven  tunnels 
is  needed  to  piace  the  design  of  such  tunnels  on  a  more  rational  basis.  The 
needed  information  could  be  obtained  from  case  histories  of  instrumented, 
machine  driven  tunnels. 

3.  Existing  classification  methods  are  most  suitable  for  rock  tunnels 
supported  by  steel  ribs.  Satisfactory  extension  of  these  methods  to  the 
design  of  tunnels  supported  by  rock  bolts  and/or  by  shotcrete  is  possible. 
Data  from  case  studies  of  instrumented  tunnels  supported  by  rock  bolts 
and/or  shotcrete  is  required  to  develop  a  satisfactory  classification 
system  for  use  in  the  design  and  construction  of  rock  tunnels  supported  by 
rock  bolts  and/or  shotcrete. 

3.6        PRE-BIDDING  GEOTECHNICAL  REPORT  FOR  ROCK  TUNNELING 

A  pre-bidding  geotechnicai  report  should  be  the  end  product  of  the  pre- 
construction  site  investigation  program.  It  should  include  not  only  a  summary  of  the 
rock  conditions  of  the  site  but  also  an  interpretation  of  these  conditions  in  terms  of 
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design  and  construction  of  the  tunnel.    This  report  will  benefit  both  the  owner-designer 
and  the  contractor. 

The  geotechnical  report  will  also  provide  a  guideline  for  the  resident  engineer  to 
determine  whether  the  geologic  conditions  assumed  in  the  design  are  compatible  with 
those  actually  encountered  in  the  field  during  construction.  The  information  will  thus 
assist  him  in  deciding  whether  or  not  a  modification  in  construction  procedures  or  support 
requirements  is  needed.  Many  construction  claims  result  not  from  changed  or  unexpected 
geologic  conditions,  but  rather  from  the  misinterpretation  of  the  observed  geologic  data. 
Cording,  et  al.  (1975),  provided  an  outline  of  a  pre-bidding  geotechnical  report  (Table  13) 
which  is  useful  for  both  the  tunnel  designer  and  the  contractor. 

As  shown  in  the  table,  the  first  step  in  the  exploration  is  to  establish  the  general 
geologic  framework  of  the  area  using  all  available  information,  Maps,  air  photos,  geologic 
data,  engineering  data  and  previous  tunnel  experience  in  the  area  should  be  collected,  and 
a  general  geologic  reconnaissance  of  the  area  should  be  conducted.  From  this  study,  a 
probable  range  of  rock  types,  rock  structures,  groundwater  regimes,  degree  of  rock 
weathering  and  fracturing,  rock  behavior  during  tunneling,  and  a  geologic  history  can  be 
established.  The  potentially  critical  geologic  features,  potential  tunneling  problems,  and 
geologic  information  which  is  lacking  or  inadequate  can  be  outlined. 

The  exploration  program  can  then  be  directed  to  more  completely  delineate  the 
unknown  site  geology,  particularly  toward  determining  potentially  critical  geologic 
features  and  tunneling  problems,  as  well  as  verifying  the  average  rock  properties. 

There  are  two  distinctly  different  types  of  "Prebid  Geotechnical  Reports  for  Rock 
Tunneling"— one  is  done  by  the  owner's  geotechnical  staff  or  consultant,  and  the  other  is 
done  by  the  bidding  contractor  or  his  consultant.  The  purpose  of  the  former  is  to  explain 
the  impact  of  anticipated  ground  conditions  on  tunnel  design  and  construction  to  potential 
bidders.  The  purpose  of  the  latter  is  to  provide  guidance  to  a  particular  contractor  in  the 
preparation  of  his  bid  for  tunnel  construction. 

3.7        GEOTECHNICAL  PARAMETERS  FOR  TUNNELING  IN  ROCK 

As  with  soft  ground  tunnels,  the  types  of  geotechnical  information  provided  for  the 
design  and  construction  of  rock  tunnels  should  serve  to  allow  judgments  to  be  made 
concerning* 

1.  Temporary  support  design. 

2.  Water  problems. 

3.  Stability  problems. 
^.  Safety. 

5.  Best  construction  method. 

All  of  these  are  interrelated  but  serve  to  categorize  the  information  sought. 

3.7.1     Temporary  Support  Design 

Rock  Quality  Designation  (RQD)  and  the  condition  of  the  rock,  e.g.,  degree  of 
weathering,  would  aid  the  determination  of  the  load  on  temporary  supports.  The  dip  and 
Strike  of  major  joint  sets  should  be  ascertained  as  should  joint  condition  and  the  character 
of  the  material  filling  the  joints.    Investigations  also  should  be  carried  out  to  assess  the 
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TABLE   13 

OUTLINE  OF  THE  PRE-BIDDING  GEOTECHNICAL  REPORT 

(Cording,  et  al.„  1975) 

Introduction 

a.  Scope,  purpose. 

b.  Description  of  the  site  and  project. 
Geologic  Features  of  Engineering  Significance 

a.  General  geologic  framework—rock  type,  structure  and  brief  history. 

b.  Rock  Mass  Quality  (RQD,  degree  of  fracturing). 

c.  Degree  of  Weathering. 

d.  Joints,  shears,  and  shear  zones. 

(1)  General    joint    pattern:       orientation    and    character    of    joint   sets, 
foliation,  bedding  planes. 

(2)  Orientation  and  character  of  shear  zones,  and  other  joint  surfaces 
which  are  slickensided,  and  coated  with  gouge. 

(3)  Location  of  major  shear  zones. 

e.  Rock  cover,  bedrock  contours,  and  significant  soil  properties  if  mixed  face 
conditions  will  be  encountered,  if  shafts  will  be  excavated  through  these 
materials,  or  if  consolidation  and  settlement  of  overlying  soils  is 
anticipated. 

f .  Summary  of  low  quality  zones  along  alignment. 

g.  Significant  intact  rock  properties. 

(1)  Compressive  strength. 

(2)  Rock  hardness. 

(3)  Creep. 

(4)  Slaking  durability. 

(5)  Swelling  potential. 
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TABLE    13 
OUTLINE  OF  THE  PRE-BIDDING  GEOTECHNICAL  REPORT 
(Cording,  et  al.,  1975)  (Continued) 

(6)        Properties  of  gouge  and  other  soil  zones. 

(a)  Creep. 

(b)  Swelling  potential. 

(c)  Plasticity,  grain  size. 

(d)  Residual  shear  strength, 
h.          In  situ  stresses, 

i.  Ground  water  conditions, 

j.  Interpretations, 

3.  History  of  Rock  Construction  in  Area  of  Project 
Case  histories,  boring  and  test  data  summarized. 

4.  Anticipated  Tunnel  Ground  Conditions 

a.  Tunnel    ground    classification— expected    percentages    of    different    tunnel 
ground,  rock  quality. 

b.  Nature  and  extent  of   potential  rock  movements  and  overbreak  for  given 
tunnel  alignments. 

(1)  Effect  of  joints,  shears,  and  weathered  zones. 

(2)  Effect  of  in  situ  stresses. 

(3)  Effect  of  ground  water. 

c.  Estimated  water  inflows. 

(1)  Maximum  face  flow. 

(2)  Maximum  tunnel  flows  (give  rates  for  tunnel  lengths  or  divide  into 
known  tunnel  ground  zones). 

(3)  Water  pressure  and  temperature. 
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TABLE   13 
OUTLINE  OF  THE  PRE-BIDDING  GEOTECHNICAL  REPORT 
(Cording,  et  al.,  1975)  (Continued) 


d.  Tunnel  hazards. 

Highlight  anticipated  features  that  could  cause  collapse,  require  emergency 
control  measures,  result  in  significant  changes  in  excavation  and  support 
methods,  endanger  life  or  property,  or  slow  the  tunnel  operation. 

5.  Design  and  Construction  Measures 

a.  Initial  support— type  and  extent  of  rock  wedges  to  be  supported,  required 
capacities,  installation  sequences. 

b.  Special  support  procedures— multiple  stage  excavations,  pre-support,  and 
special  support  procedures. 

c.  Excavation  methods— controlled  blasting  requirements,  feasibility  of  tunnel 
boring  machines. 

d.  Final  lining  design— rock  wedges  to  be  supported,  other  loading  conditions, 
design  load  criteria,  assumed  lining  capacity,  factors  affecting  deterioration 
of  the  lining. 

6.  Instrumentation— Observations 

a.  Performance  to  be  monitored  including  routine  supplemental  observations. 

b.  Methods  of  monitoring,  specifications,  coordination  with  construction. 

c.  Criteria  to  be  used  in  evaluating  observations.  Methods  for  modifying  design 
and  construction  on  basis  of  observations. 
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the  slaking,  squeezing  or  swelling  characteristics  of  the  rock  as  well  as  the  material  filling 
the  joints. 

3.7.2  Water  Problems 

Groundwater  conditions  in  the  joints,  faults  and  fissures  must  be  ascertained.  In 
particular,  the  anticipated  flow  rate  of  seepage  through  the  joint  system  and  the  volume 
and  pressure  head  resulting  from  flow  in  faults  and  fissures  must  be  quantified.  Whether 
the  aforementioned  flow  is  steady  or  decaying  with  time  is  also  of  prime  concern,  i.e., 
does  the  water  have  access  to  a  recharge  source. 

Checks  must  be  made  to  ascertain  if  water  is  trapped  behind  dikes  or  other 
discontinuities  along  the  line  of  the  tunnel.  One  should  also  seek  to  determine  the 
temperature  of  the  water,  the  presence  of  dissolved  salts  and  their  potential  significance, 
and  the  effect  of  water  on  the  formation  being  excavated. 

3.7.3  Stability  Problems 

Stability  problems  in  rock  tunneling  are  principally  related  to  the  presence  of 
faults,  shear  zones,  and  unfavorable  orientation  of  its  jointing  pattern.  Regarding  the 
iatter,  the  condition  of  the  joints,  e.g..  whether  they  are  rough  or  smooth,  closed  or  open, 
and/or  slickensided  joints  containing  chlorite  and  mylonite  is  of  prime  importance. 

Other  stability  problems  are  related  to  raveling,  squeezing  or  swelling  ground 
conditions.  The  condition  and  nature  of  the  interface  between  dissimilar  rocks  or  a 
soil/rock  interface  must  be  ascertained  in  relation  to  its  impact  on  the  stability  of  the 
tunnei  excavation.  Also,  the  variability  of  properties  or  structure  within  the  rock  mass 
must  be  ascertained  and  its  effect  on  the  tunneling  operation  identified. 

3.7.4  Safety 

Safety  of  the  miners  working  in  the  tunnel  is  of  prime  concern.  Investigations 
should  be  made  to  identify  the  presence  of  gases  such  as  methane,  hydrogen  sulphide, 
radon,  carbon  monoxide,  or  other  noxious  gases.  In  addition,  adequate  ventilation  must 
always  be  provided  inside  the  tunnel  to  insure  adequate  oxygen  is  supplied  to  people 
working  therein.  In  urban  areas  the  presence  of  gasoline,  or  fuel  oil,  should  be  suspected 
and  tested  for  close  to  existing  or  abandoned  service  stations. 

Investigations  also  should  be  made  to  identify  caustic  minerals  which  might  be  in 
the  rock  and  would  be  harmful  to  workers.  Tunneling  through  coal,  lignite  and  oil  shale 
also  can  represent  a  health  hazard  to  miners  and  attempts  should  be  made  to  identify  and 
locate  such  deposits  along  the  line  of  the  tunnel.  A  study  of  any  past  or  present  mining 
activity  in  the  area  may  be  of  help  in  identifying  these  conditions. 

Rock  characteristics  such  as  the  ability  to  slake,  spall  or  pop  and  the  presence  of 
weak  zones  leading  to  arch  or  pillar  failure  under  overburden  load  represent  safety 
hazards  which  must  be  identified  during  the  site  investigation  program. 

3.7.5  Best  Constructi on  M ethod 

The  information  prevously  cited  in  this  section  will  give  most  of  the  required 
guidance  to  the  contractor  so  he  can  select  the  best  construction  method  for  the 
conditions,  but  certain  other  factors  may  be  important.    For  example,  the  permeability  of 
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the  rock  as  it  relates  to  required  dewatering  and  grouting  may  impact  the  choice  of  best 
construction  method.  Rock  strength  and  hardness  will  impact  the  decision  on  whether  to 
advance  the  tunnel  by  tunnel  boring  machine  (TBM)  or  by  use  of  drill  and  blast  techniques. 
The  presence  of  seams  of  very  hard  or  tough  material,  such  as  quartz  or  hornblende,  in 
veins  or  pockets  may  also  have  direct  bearing  on  the  choice  between  the  use  of  a  TBM  and 
drill  and  blast  techniques.  Other  information  which  aids  in  the  selection  of  a  construction 
method  and  the  estimation  of  project  costs  includes  rock  mineralogy,  mineral  grain  fabric, 
foliation,  the  nature  of  mixed  faces  and  transitional  soil/rock  contact  zones,  and 
estimates  of  potential  overbreak. 

3.8        SUMMARY  AND  CONCLUSION 

The  behavior  of  a  rock  mass  during  tunneling  is  strongly  influenced  by  its 
discontinuities.  These  discontinuities  are  developed  by  natural  processes  and  may  be 
highly  irregular  in  nature,  and  therefore,  no  currently  available  theoretical  approach  can 
be  applied  to  this  kind  of  problem  at  this  time.  The  design  of  structures  in  rock  is  based 
mainly  on  experience  accumulated  from  past  performance  coupled  with  laboratory  and 
field  test  results. 

In  order  to  systematize  and  improve  our  accumulated  experience  in  rock  tunnel 
design,  it  is  necessary,  on  a  rational  basis,  to  continue  to  correlate  experiences  in  rock 
tunnel  design  and  construction  with  rock  type,  rock  classification  systems,  and  rock 
behavior  descriptions.  This  process  would  be  enhanced  through  the  use  of  instrumented 
case  study  data  which  could  be  used  to  relate  tunneling  performance  with  ground 
conditions  and,  ultimately,  a  rock  classification  system.  Several  existing  rock 
classification  systems  for  tunnel  lining  design  are  based  on  such  information. 

Considering  the  present  state-of-the-art,  tunnel  design  in  rock  is  an  art  rather  than 
a  science.  Based  on  as  much  information  as  feasible  concerning  the  geology  of  the  site, 
the  designer  has  to  evaluate  the  impact  of  tunneling  on  ground  conditions.  To  a  very  large 
degree,  an  adequate  assessment  of  the  impact  of  site  geology  on  tunnel  design  and 
construction  is  based  on  past  experience  coupled  with  knowledge  of  the  geology  of  the  site 
based  on  readily  available  site  specific  information  and  a  subsurface  investigation  and 
laboratory  testing  program. 

Although  there  could  be  improvements  in  laboratory  testing  and  site  investigation 
techniques,  presently  available  tools,  when  properly  used  and  the  data  interpreted  by 
knowledgeable  persons,  can  be  sufficient  for  economical  tunnel  design  and  construction. 
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4.0  INFLUENCE  OF  GEOTECHNICAL  PARAMETERS  ON  PERMANENT  LINER  DESIGN 

4.1  INTRODUCTION 

A  number  of  analytical  approaches  for  tunnel  lining  design  are  available  and  many 
of  these  techniques  have  been  modeled  using  the  computer.  An  investigation  of  the  design 
methods  which  are  currently  being  used  indicated  that  the  three  computer  programs  most 
often  used  are: 

•  STRESS 

•  SAP  (Structural  Analysis  Program) 

•  5TRUDL  (Structural  Design  Language) 

They  are  all  very  similar  for  this  application  with  the  major  differences  being  input/output 
ease  and  flexibility.  There  are  other  available  computer  programs  which  have  been 
recently  developed  for  tunnel  design  in  both  soft  ground  and  rock.  Due  to  their  recent 
development  they  have  not  gained  wide  acceptance.  For  completeness,  they  will  be  cited 
later  in  this  chapter, 

The  program  selected  for  a  parametric  study  of  the  impact  of  geotechnical 
parameters  on  analytical  tunnel  lining  design  was  STRUDL.  It  was  selected  for  its  ease  of 
input,  flexibility,  and  accessibility.  The  model  used  was  a  simple  circular  tunnel  lining, 
selected  to  minimize  effects  due  to  causes  other  than  the  variation  of  the  parameter 
being  studied.  The  ground  conditions  and  lining  dimensions  were  selected  to  represent 
typical  geologic  conditions  with  the  approximate  support  that  would  be  used.  It  is  not  the 
intent  of  this  chapter  to  present  a  set  of  results  that  can  be  directly  applied  to  a  design 
project  but  rather  to  show  the  various  effects  certain  parameters  have  on  the  design  and 
what  the  magnitude  of  that  effect  may  be.  In  this  sense,  this  study  is  applicable  to  any 
tunnel  lining  designed  for  structural  purposes. 


Comparisons     of     axial    forces 
combinations  are  made  for: 


and    moments    under     the     various    parametric 


•  cast-in-place  concrete  in  soft  ground, 

•  cast-in-place  concrete  in  transition  material, 
c  cast-in-place  concrete  in  rock,  and 

flexible  steel  in  soft  ground. 
The  parameters  whose  influence  was  studied  for  these  linings  were: 
depth  of  cover, 

unit  weight  of  the  surrounding  material, 
coefficient  of  lateral  (earth  or  rock)  pressure, 
position  of  the  water  table,  and 
modulus  of  subg.ade  reaction  (where  applicable). 
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These  are  the  parameters  that  typically  appear  in  the  design  procedures  used  for  major 
tunneling  projects. 

The  computer  program  used  was  McDonnell  Douglas  Automation  Company's 
(MCAUTO)  ICES  version  of  STRUDL  (Structural  Design  Language).  The  basis  for  this 
program  is  "a  static,  linear  analysis  of  a  structure  considered  as  an  elastic  lumped- 
parameter  system.  The  analysis  is  performed  by  the  stiffness  (displacement)  method, 
treating  displacements  as  unknowns"  (MCAUTO,  1976). 

The  input  parameters  for  the  computer  (MCAUTO,  1979)  analysis  consisted  of  the 
following: 

•  Type  of  structure 

•  Joint  conditions 

©  Member  incidences 

•  Member  properties 

•  Boundary  conditions 

•  Loading  conditions 

•  Output  format 

The  type  of  structure  must  be  specified  to  ensure  the  matrices  are  proportioned  for  the 
proper  displacement  modes.  The  structural  types  which  can  be  analyzed  by  this  version  of 
STRUDL  are: 

•  Plane  frame 

•  Plane  truss 

•  Space  frame 

•  Space  truss 

•  Plane  grid  (loads  and  deformations  are  out  of  the  plane) 

•  Plate  bending 

The  joint  coordinates  must  be  input  for  use  in  defining  the  size  and  shape  of  the 
structure  and  the  component  members.  A  joint  can  be  input  into  a  local  or  global 
coordinate  system  whose  origin  can  be  defined  by  either  the  user  or  the  program.  The 
form  of  the  coordinate  system  can  be  designated  by  the  user  as  either  cylindrical  or 
spherical  or  the  default  form,  cartesian  coordinate  system,  can  be  used.  The  joints  must 
also  be  designated  as  free  (no  external  displacement  constraints)  or  as  a  support  (fixed 
against  displacement  except  where  modified  by  joint  releases).  The  boundary  conditions 
can  then  be  defined  by  using  joint  releases  on  those  designated  as  supports.  Joints  can  be 
released  to  form  pinned  joints  about  one  or  more  axes,  pinned  joints  partially  restrained  by 
rotational  or  linear  springs  of  a  specified  stiffness,  or  to  create  roller  supports  with  no 
resistance  to  deformation  along  a  designated  axis. 
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Members  are  defined  by  designating  their  incidence  between  joints  and  their 
structural  properties.  The  elements  can  have  properties  in  any  one  of  five  forms: 
prismatic,  variable,  tabulated  (varied  according  to  a  given  set  of  properties),  pipe,  or 
curved.  The  member  properties  required  for  execution  are  the  cross  sectional  area,  the 
moment  of  inertia,  a  measure  of  the  modulus  of  elasticity,  and  Poisson's  ratio. 

The  loading  conditions  can  then  be  defined  for  the  structure.  The  loading  which 
can  be  applied  to  the  structure  at  the  nodes  or  to  the  members  can  be  concentrated, 
uniformly  distributed,  linear,  or  any  combination  of  these.  Numerous  loads  and  load 
combinations  can  be  applied  to  the  structure  each  time  the  program  is  run  to  minimize  the 
computer  time  involved  in  forming  the  matrices  required  to  perform  the  analyses.  The 
output  can  then  be  specified  and  the  results  will  be  presented  in  a  convenient  format.  The 
structural  responses  to  be  output,  i.e.,  loads,  stresses,  strains  and/or  displacements  must 
be  specified.   Any  one  or  all  can  be  output. 

The  program  is  based  on  linear  material  properties  for  all  components  of  the 
structural  system.  This  created  a  slight  problem  in  the  attempt  to  model  the  subgrade 
reaction.  Since  the  bonding  between  the  liner  and  the  soil  is  not  always  complete  and  the 
tensile  strength  of  soil  and  rock  is  much  less  than  the  compressive  strength,  resistance  is 
only  offered  by  the  subgrade  to  outward  displacement  of  the  lining.  In  order  to  achieve 
this,  the  springs  had  to  be  removed  from  the  joints  which  moved  inward.  This  involved 
executing  the  program  checking  the  direction  of  the  lining  deformation  and  removing  or 
adding  springs  where  necessary  and  re-executing  the  program.  A  non-linear  mode  is 
currently  being  developed  for  this  version  of  STRUDL  by  MCAUTO.  Although  it  was 
available  for  use,  at  the  present  time  the  costs  involved  far  exceeded  those  incurred  by 
using  the  trial  and  error  approach. 

We  were  concerned  with  the  axial  forces  and  moments  which  are  developed  in  the 
linings  in  response  to  various  loads  imposed  upon  them.  These  loading  conditions  are  those 
selected  by  designers  to  be  representative  of  the  worst  conditions  to  which  a  tunnel 
section  could  ever  be  subjected  to.  The  sophistication  of  the  computer  model  could  easily 
be  increased,  but  not  without  an  equal  increase  in  the  amount  and  detail  of  the  normally 
available  subsurface  investigation. 

Along  a  tunnel  section  there  is  usually  some  variation  in  ground  conditions.  Even  if 
intensive  analyses  were  performed  at  locations  along  the  length  of  the  tunnel,  the  most 
conservative  conditions  would  be  selected  and  used  for  design.  Changing  the  lining 
thickness,  or  type,  can  only  be  economically  justified  for  radical  changes  in  ground 
conditions  over  relatively  long  lengths.  Detailed  analyses  which  attempt  to  model,  as 
accurately  as  possible,  ground-lining  interaction  can  only  be  economically  justified  for 
portions  of  the  project  which  have  the  potential  to  present  great  difficulties  during 
construction  and/or  service.  Typical  examples  would  be:  (1)  subway  stations  where  a 
large  chamber  is  to  be  excavated,  (2)  zones  of  extremely  undesirable  conditions  where 
intensive  subsurface  exploration  has  been  performed,  or  (3)  research  sections  where 
behavioral  studies  of  soil-structure  interaction  are  to  be  performed.  The  first  two  are 
justifiable  since  the  analysis  may  help  avoid  structural  problems  during,  and  after, 
construction.  The  third  example  gives  insight  into  the  causes  of  loading  and  are  of  great 
help  in  selecting  the  loading  conditions  for  less  sophisticated  design  models. 

The  lining  models  used  are  shown  in  Figure  27  and  the  member  properties  are 
listed  in  Table  \k.  Each  model  will  be  discussed  separately  in  the  corresponding  section 
along  with  the  parametric  comparisons. 
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FIGURE    27      LINER   MODELS   USED    IN  THE   STUDY 
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TABLE     14 
PROPERTIES  USED  FOR  LINING  MODELS 
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The  properties  used  for  the  lining  models  (Table  14  )  are  typical  values  for  tunnel 
liners  in  the  geologic  conditions  modeled.  They  were  obtained  during  the  study  conducted 
for  Chapter  5.  The  cross  sectional  areas  and  moments  of  inertia  are  calculated  assuming 
an  uncracked  one  foot  length  of  tunnel.  The  concrete  is  assumed  to  have  no  structural 
reinforcing,  and  any  intrusion  of  the  temporary  lining  into  the  final  lining  is  neglected. 

4.2  APPROACH 

The  evaluation  of  the  impact  of  geotechnical  parameters  on  analytical  tunnel  lining 
design  presented  subsequently  are  based  on  a  finite-element-parametric  analysis  of  a 
tunnel  support  model  using  the  computer  program  STRUDL. 

4.3  CAST-IN-PLACE  CONCRETE  LINING  IN  SOFT  GROUND 

The  configuration  used  to  model  the  response  of  a  cast-in-place  concrete  lining  in 
soft  ground  is  shown  in  Figure  27a.  The  model  consists  of  a  three-quarter  ring  made  up 
of  18  beam  elements,  each  being  the  secant  to  a  15  arc.  The  invert  was  not  considered  in 
the  analysis  since  it  is  much  stiffer  than  the  lining  walls  and  roof,  and  not  of  regular 
shape.  These  linings  are  considered  rigid  relative  to  the  surrounding  material,  and 
therefore  are  designed  disregarding  any  confining  effects  of  that  material.  Due  to  this,  no 
consideration  of  the  modulus  of  subgrade  reaction  for  the  soft  ground  will  be  made. 

The  loads  acting  on  the  lining  represent  the  full  weight  of  the  overburden.  No 
arching  action  has  been  taken  into  consideration  in  following  with  standard  design 
practice. 

The  first  variation  that  was  modeled  was  the  effect  of  increasing  the  depth  of 
cover  on  the  axial  force  in  the  lining  (Figure  28).  Note:  Figures  28  to  61  are  graphical 
presentations  of  the  results  obtained  from  the  computer  analyses  run  for  this  volume.  The 
depth  of  cover  was  varied  from  approximately  25  to  100  feet  for  unit  weights  of  the 
overburden  of  115  and  135  pounds  per  cubic  foot.  The  full  effect  of  the  depth  of  cover 
was  considered  with  no  reductions  for  arching  action,  and  the  coefficient  of  lateral  earth 
pressure  (K)  used  was  0.45.  The  figure  clearly  shows  a  direct  linear  relationship  between 
the  depth  of  cover,  the  unit  weight  of  the  material  and  the  axial  force  developed.  The 
crown  force  is  approximately  58%  of  the  maximum  which  occurs  at  the  springline.  An 
approximate  relationship  (-  2%)  between  depth  of  cover,  the  unit  weight  of  the  material 
and  the  maximum  axial  force  is: 


p.  „«„  =      *(0.0099   D    +  0.023) (4-1) 

a  max  c 


where 


t  =         unit  weight  of  overburden   (pcf) 

D  =        depth  of  cover  (ft) 

P  =         maximum  axial  force  (kips) 

There  are  also  linear  relationships  between  the  maximum,  crown  and  springline 
moments,  and  the  depth  of  cover  (Figure  29).  The  maximum  moment  occurs  at  the  base 
of  the  ring.  The  relationship  between  the  various  moments  remains  nearly  constant 
within  the  range  of  D     studied,  with  that  at  the  crown  being  50.5  (-  0.1%),  and  at  the 
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springline  being  46,  i  (-  0.1%)  percent  of  the  maximum.    The  relationship  (-2%)  between 
depth  of  cover,  unit  weight  and  maximum  moment  is: 

M  =        3(0.0 163D    -  0.055) ■- (4-2) 

max  c 

where 

-j        =  unit  weight  of  overburden  (pcf ) 

D  =  depth  of  cover  (ft) 

M      .    =  maximum  moment  (ft-kips) 

max 

The  effect  of  the  coefficient  of  lateral  earth  pressure  on  the  axial  force  in  the 
lining  is  shown  in  Figure  30  .  increasing  the  coefficient  of  lateral  earth  pressure  has  little 
effect  on  the  axial  force  at  the  springline,  but  has  considerable  effect  on  that  at  the 
crown.  The  axial  force  in  the  crown  increases  linearly  with  the  coefficient  of  lateral 
earth  pressure.  At  K=l,  the  crown  force  approaches  the  force  in  the  lining  at  the 
springline.  The  coefficient  of  lateral  earth  pressure  has  a  significant  effect  on  the 
maximum  axial  force  developed  in  the  liner  as  well.  The  location  of  the  maximum  axial 
force  changes,  with  increasing  coefficient  of  lateral  earth  pressure,  from  the  springline  to 
a  point  midway  between  the  crown  and  springline.  Its  magnitude  also  increases  with 
increasing  coefficient.  The  rate  of  increase  is  slow  for  K  <  0.6,  above  which  it  approaches 
the  rate  that  the  axial  force  at  the  crown  is  increasing. 

The  effect  of  varying  the  coefficient  of  lateral  earth  pressure  on  the  moment  in 
the  lining  (Figure  31)  is  more  dramatic  than  that  on  the  axial  force.  As  the  coefficient 
increases  there  are  large  immediate  reductions  in  the  moments.  When  the  coefficient 
equals  one,  the  moments  throughout  the  lining  approach  zero.  This  is  very  significant 
because  it  shows  the  range  of  variation  of  the  coefficient  of  lateral  earth  pressure,  in  the 
field,  can  have  a  dramatic  effect  on  the  maximum  moment.  This  variation  can  be  due  to 
overconsolidation  before  excavation  for  the  tunnel,  due  to  geologic  conditions,  or  due  to 
the  effects  of  the  construction  itself.  The  condition,  both  strength  and  stress,  of  the 
ground  adjacent  to  the  opening  is  highiy  dependent  on  the  excavation  process  and  the 
coefficient  of  lateral  earth  pressure  is  dependent  on  these. 

Variation  of  the  position  of  the  groundwater  table  has  no  significant  effect  on  the 
axial  force  developed  in  the  lining  (Figure  32).  Linings  are  generally  designed  to  resist 
the  maximum  axial  force  which  is  largely  unaffected  by  the  position  of  the  groundwater 
table.  The  greatest  effect  occurs  at  the  crown  where  a  change  in  the  position  of  the 
water  table  from  the  springline  to  40  feet  over  the  crown  causes  an  increase  in  the  axial 
force  of  approximately  10  percent.  The  maximum  axial  force  which  occurs  at  the 
springline  is  not  affected  by  the  location  of  the  groundwater  table.  When  one  considers 
the  effect  of  the  position  of  the  groundwater  table  on  the  loading  conditions,  the  behavior 
shown  in  Figure  32  is  as  would  be  expected.  As  the  groundwater  level  rises,  the  vertical 
total  stress  does  not  increase  nearly  as  much  as  the  lateral  stress.  Due  to  this,  the  effect 
on  the  springline  axial  force,  which  is  the  maximum  in  the  lining  will  be  minimal.  On  the 
ctner  hand,  the  lateral  total  stress  is  significantly  affected  by  an  increase  in  the 
groundwater  level  which  leads  to  the  effects  shown  for  the  axial  force  at  the  crown.  This 
effect  on  the  total  stress  is  similar  (though  through  a  different  medium)  to  an  increase  in 
the  coefficient  of  lateral  earth  pressure. 
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The  same  reasoning  helps  explain  the  decrease  in  moment  (Figure  33),  with 
increase  of  the  groundwater  over  the  crown.  The  most  radical  changes  occur,  as  before, 
when  the  water  table  position  varies  between  the  springiine  and  40  feet  over  the  crown. 
Using  the  analogy  to  an  increase  in  the  coefficient  of  lateral  earth  pressure,  as  the 
difference  between  the  total  vertical  and  total  horizontal  stresses  applied  to  the  lining 
decrease  so  do  the  induced  moments.  The  moments  can  never  decrease  to  the  level 
reached  when  the  coefficient  of  lateral  earth  pressure  is  one  (K=1.0)  in  soils  above  the 
water  table,  as  in  Figure  31,  since  the  actual  K  here  is  0.45. 

It  should  be  kept  in  mind  that  these  discussions  pertain  to  the  effects  of  these 
variables  on  tunnel  lining  design  only.  While  there  is  no  effect  on  design  moments,  as 
shown  in  Figure  33 ,  for  an  increase  in  groundwater  elevation  from  below  the  invert  to  the 
springiine,  the  implications  for  construction  can  be  major. 

Non-cohesive  soils  above  the  groundwater  level  are  often  partially  saturated.  The 
water  within  the  pores  imparts  an  apparent  cohesion  to  the  soil  which  will  increase  the 
standup  time  and  therefore  greatly  facilitate  excavation.  If  these  same  soils  are 
completely  saturated,  e,g.,  tunnel  moves  into  an  area  where  the  groundwater  is  at  a  level 
above  the  invert,  they  can  become  flowing  ground  which  can  inundate  the  tunnel  and 
everything  in  it. 

4.4        CAST-IN-PLACE  CONCRETE  LINING  IN  TRANSITION  MATERIAL 

Figure  27b  shows  the  model  used  for  the  cast-in-place  lining  in  transition 
materials.  Transition  materials  are  those  between  residual  soil  and  rock.  As  in  the 
previous  case,  the  lining  model  consists  of  18  beam  elements  and  19  nodes  (joints)  with  the 
invert  considered  completely  rigid.  The  lining  thickness  for  this  case  is  12  inches,  the 
properties  are  as  shown  in  Table    14. 

Unlike  the  lining  in  soft  ground,  the  response  of  the  surrounding  material  is  of 
significance  in  this  case.  The  subgrade  reaction  was  modeled  using  elastic  springs  acting 
in  a  direction  normal  to  the  lining  at  the  nodes.  _The  springs  were  allowed  to  act  only  in 
compression,  and  the  effective  subgrade  modulus  (k)  was  varied  from  10  to  40  ksf/in. 

The  effect  of  varying  the  depth  of  cover  and  the  unit  weight  on  the  axiai  force 
developed  in  the  lining  is  shown  in  Figure  34.  The  depth  of  cover  was  varied  between 
approximately  25  and  100  feet  with  the  unit  weights  of  overburden  of  both  115  and  140  pcf 
being  used.  The  relative  relationships  between  crown,  springiine  and  maximum  axial 
forces  are  similar  to  those  for  the  soft  ground  case.  For  a  subgrade  modulus  of  10  ksf/in. 
the  maximum  occurs  at  the  springiine,  and  the  axial  force  at  the  crown  is  approximately 
63  percent  of  the  maximum.  The  relationship  between  the  depth  of  cover,  unit  weight,  and 
maximum  axial  force  is: 

pa  ™„     ::      3(0.0101  D    +  0.0348) (4-3) 

a  max  c 

where: 

'6  -  unit  weight  of  overburden  (pcf) 

D  =  depth  of  cover  (ft) 

P  =  maximum  axial  force  (kips) 
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for 

K  =  0.45  (coefficient  of  lateral  earth  pressure) 

k  =  10  ksf /in.  (modulus  of  subgrade  reaction) 

Increasing  the  subgrade  modulus  causes  an  increase  in  the  axial  f orce*  Increasing 
k  by  300  percent  (i.e.,  from  k  =  10  ksf/in.  to  k  =40  ksf/in.)  increases  the  maximum 
axial  force  only  7  percent.  This  increase  also  causes  a  notable  difference  between  the 
maximum  axial  force  and  that  at  the  springline.  The  relationship  between  the  modulus 
of  subgrade  reaction  and  the  axial  force  is  not  linear  and,  therefore,  k  does  not  readily 
lend   itself   to   inclusion   in_  correlation  equations  between  P  ,     %  and   D  .     The 

corresponding  equation  for  k  =   40  ksf/in.  is: 

P  =7  (0.0109  D    +0.0313)- — —(4-4) 

a  max  c 

The  effect  of  varying  the  depth  of  cover  and  moment  developed  in  the  lining  is 
shown  in  Figure  35  .  As  with  the  axial  force,  the  relative  relationships  between  the 
crown,  springline  and  maximum  moment  are  similar  to  that  for  the  soft  ground  case. 
The  moment  at  the  springline  is  approximately  42  percent  and  that  at  the  crown  is 
approximately  51  percent  of  the  maximum  moment.  The  relationships  between  depth  of 
cover,  unit  weight,  and  maximum  moment  are: 


for 


and 


for 


M  =  1  (0.0120  D    -0.0409) (4-5) 

max  c 


k  =    10  ksf/in. 


Mmax  =  *  (0.0072  Dc  -  0.0260)  (4-6) 


k  =   40  ksf/in. 

The  terms  are  as  defined  earlier  and  the  conditions  are  the  same  as  for  the  equations 
for  axial  force.  The  correlations  between  unit  weights  for  these  equations  are  not  as 
good  as  the  previous  ones.  While  for  a  unit  weight  of  overburden  (  tf  )  of  115  pcf,  the 
error  is  less  than  one  percent;  for  tf  =140  pcf  the  error  approaches  3.5  percent.  The 
effect  of  the  modulus  of  subgrade  reaction  on  the  moment  is  much  greater  than  it  had 
been  on  the  axial  force.  For  the  same  increase  (300  percent)  in  the  modulus  there  is  a 
moment  reduction  of  40  percent.  The  effects  of  the  depth  of  cover  on  the  axial  force 
and  moment  are  dependent  on  the  modulus  of  subgrade  reaction.  As  the  modulus 
increases,  the  effect  of  the  depth  of  cover  (D  )  and  the  unit  weight  of  overburden 
(  %  )  on  the  axial  force  increases  slightly  while  the  same  increase  in  modulus  causes  a 
significant  reduction  in  moment. 
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The  effect  of  variation  in  the  coefficient  of  lateral  earth  pressure  (K)  on  the  axial 
force  is  shown  in  Figure  36  .  In  the  transition  materials,  unlike  the  soft  ground,  there  is 
a  reduction  in  the  axial  force  at  the  springline  with  increasing  coefficient  of  lateral  earth 
pressure  (K).  But  the  crown  force  still  increases  with  the  coefficient  to  equilibrium  with 
the  springline  at  K  =  1.0.  The  maximum  axial  force  is  located,  as  before,  at  the  springline 
until  K  exceeds  0.45.  It  then  occurs  at  a  point  midway  between  the  crown  and  springline. 
As  seen  in  Figure  36,  the  effect  of  subgrade  modulus  on  axial  force  decreases  with 
increasing  coefficient.  At  K=1.0  the  axial  force  is  completely  independent  of  the 
modulus.  This  is  due  to  the  lining  being  nearly  in  isotropic  compression,  which  causes  no 
outward  deformation.  (Note:  As  previously  mentioned,  the  modulus  of  subgrade  reaction 
is  only  effective  in  resisting  compression.) 

The  effect  of  the  coefficient  of  lateral  earth  pressure  developed  in  the  lining 
(Figure  37)  is  as  would  be  expected  from  the  previous  discussion.  There  is  a  general 
decrease  in  moment  with  increasing  coefficient  for  a  given  subgrade  modulus.  For  a  given 
value  (less  than  one)  of  the  coefficient  of  lateral  earth  pressure,  an  increase  in  the 
modulus  of  subgrade  reaction  causes  a  decrease  in  the  moment.  This  effect  decreases, 
although  slightly  at  first,  with  increasing  coefficient.  When  the  coefficient  of  lateral 
earth  pressure  is  one,  the  moment  approaches  zero  and  is  independent  of  the  modulus  of 
subgrade  reaction.  Due  to  the  extreme  variability  of  the  nature  of  transition  materials, 
the  range  over  which  K  (coefficient  of  lateral  earth  pressure)  was  studied  was  broadened 
from  (0.45  to  1.0)  to  (0.20  to  1.0)  over  that  used  for  the  soft  ground. 

The  effect  of  the  position  of  the  water  table  on  the  axial  force  in  a  cast-in-place 
liner  in  transition  material  is  shown  in  Figure  38.  The  maximum  axial  force,  which 
occurs  at  the  springline  exhibits  an  insignificant  decrease  (2%)  as  the  groundwater  level 
increases  from  the  springline  to  90  feet  over  the  crown.  The  effect  on  the  axial  force  at 
the  crown,  which  in  this  case  occurs  over  a  larger  range  distributed  than  in  the  soft  ground 
case,  is  an  overall  increase  on  the  order  of  26  percent  for  the  same  change  in  groundwater 
elevation. 

The  effect  of  the  position  of  the  water  table  on  the  moment  (Figure  39)  is  of 
much  more  practical  importance  in  that  it  affects  the  maximum  moment.  Here,  for  the 
first  time,  there  is  noticeable  influence  as  the  groundwater  rises  from  below  the  invert. 
The  greatest  influence,  though,  is  realized  once  the  water  table  rises  above  the  springline. 
For  the  range  from  the  springline  to  90  feet  over  the  crown  there  is  a  55  percent  decrease 
in  the  moment  at  the  springline,  53  percent  decrease  at  the  crown,  and  a  57  percent 
decrease  in  the  maximum.  These  decreases  are,  as  stated  earlier,  directly  related  to  an 
increased  total  lateral  pressure  under  nearly  constant  total  vertical  pressure. 

4.5        CAST-IN-PLACE  CONCRETE  LINING  IN  ROCK 

The  lining  model  for  the  cast-in-place  concrete  in  rock  (Figure  27c)  is  very  similar 
to  that  used  for  transition  materials.  It  consists  of  18  beam  elements,  19  nodes,  the  invert 
being  considered  completely  rigid,  and  elastic  springs  at  the  nodes  (where  necessary),  to 
model  the  subgrade  reaction.  As  with  transition  materials,  the  resistance  of  the 
surrounding  rock  mass  to  outward  displacement  of  the  tunnel  lining  must  be  accounted  for. 
Since  there  is  also  the  possibility  of  developing  a  tangential  component  of  subgrade 
reaction  its  effect  was  also  studied.  The  range  over  which  the  normal  component  of  the 
modulus  of  subgrade  reaction  was  varied  was  from  40  ksf /in.  to  100  ksf/in.  with  additional 
analyses  performed  on  a  liner-rock  interaction  of  40  ksf/in.  (normal  component)  and  20 
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ksf /in.    (tangential  component).    As  before,  the  springs  were  not  included  in  the  model  at 
the  nodes  which  would  cause  tensile  forces  in  them. 

The  study  of  the  effects  of  various  parameters  was  separated  into  two  parts.  The 
first,  "distributed  loadings,"  entails  the  response  of  the  liner  subjected  to  varying  degrees 
of  symmetrical  vertical  and  horizontal  loads  which  may  occur  in  rock  tunneling.  In  this 
section  we  will  consider  the  effects  of  varying  the  vertical  and  horizontal  loads,  the 
modulus  of  subgrade  reaction,  and  the  position  of  the  water  table.  The  second  section, 
"block  loading,"  will  study  the  effects  of  various  block  shapes  and  sizes  which  may  move 
onto  the  lining. 

4.5.1     Distributed  Loading 

The  first  loading  situation  is  for  vertically  applied  rock  loads  only.  Lateral  loads  on 
the  lining  will  be  due  only  to  the  resistance  to  displacement  offered  by  the  rock.  The 
results  of  this  variation  on  the  crown,  springline,  and  maximum  axial  force  for  the  three 
conditions  of  rock  reaction  are  shown  in  Figure  40 .  In  each  case  there  is  a  linear 
relationship  between  the  vertical  rock  load  and  the  resulting  axial  force.  The  correlation 
equations  between  vertical  rock  load  and  the  maximum  axial  force  for  the  three  cases  are: 

Pa  max  =  U-25  Pv (^7) 

for  k    =  40  ksf/in. 

n 

P  =  11.68   P    (4-8) 

a  max  v 

for  k    =  100  ksf/in. 

P  =  9.63  P    (4-9) 

a  max  v 

for  k    =  40  ksf/in.  and  k    =  20  ksf/in. 

where 

P  =  vertical  rock  load  (ksf) 

P  =  maximum  axial  force  (kips) 

a  max  r 

k  =  normal  component  of  the  modulus  of  rock  reaction 


n 


(ksf/in.) 


jt  =  tangential  component  of  the  modulus  of  rock 

t  reaction  (ksf/in.) 

Correlations  between  the  individual  equations  cannot  be  made  without  a  much  more 
extensive  study  than  has  been  performed  here.  There  are  a  number  of  interesting  points 
which  have  been  made  apparent.  For  the  cases  with  only  normal  rock  reactions,  the 
maximum  axial  force  occurs  at  the  springline  and  is  greater  than  half  the  applied  vertical 
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load  (P  R,  where  R  is  the  radius  of  excavation).  For  the  case  with  both  normal  and 
tangentYal  reactions,  the  maximum  axial  force  does  not  occur  at  the  springline  and  is  less 
than  P  R.  By  increasing  the  rock  reactions  150  percent,  i.e.,  from  40  ksf/in.  to  100 
ksf/in.,  the  developed  axial  force  increased  4  percent,  but  the  addition  of  the  tangential 
component  of  rock  reaction  of  k  =  1/2  k  reduced  the  maximum  axial  force  14.4  percent. 
It  would  therefore  be  of  great  advantage  to  allow  the  liner  to  develop  bonding  with  the 
rock,  rather  than  to  isolate  the  two  with  the  temporary  support. 

The  effect  of  increasing  the  vertical  rock  load  on  the  moment  developed  in  the 
lining  (Figure  41)  is  similar  to  that  on  the  axial  force— simple  linear  relationships.  An 
increase  in  the  rock  load  causes  a  proportional  increase  in  the  moment, 

JVI      v  =  H.82  P    (4-10) 

max  v 

for  k     =40  ksf/in. 

M  =  7.21  P (4-11) 

max  v 

for  k     =100  ksf/in. 

M  =  9.51  P    (4-12) 

max  v 

for  k    =  40  ksf/in.  and  k~t   =    20  ksf/in. 


where 


M  =  maximum  induced  moment  (ft-kips) 

max  r 

P  =  vertical  rock  load  (ksf ) 

v 

k  =  normal  component  of  the  modulus  of  rock  reaction 


n 


(ksf/in.) 


k  =  tangential  component  of  the  modulus  of  rock  reaction 

(ksf/in.) 

The  interesting  behavioral  effects  here  are  those  due  to  alterations  in  the  rock  reaction. 
Unlike  for  the  axial  force,  the  effect  of  the  normal  reaction  increase  on  the  moment  is 
greater  than  that  of  the  addition  of  the  tangential  component.  The  150  percent  increase 
in  the  normal  component  of  rock  reaction  decreased  the  moment  39  percent,  whereas  the 
decrease  due  to  the  addition  of  the  normal  component  is  only  20  percent.  This  would  lend 
credence  to  the  positive  aspects  of  allowing  a  bond  to  develop  between  the  lining  and  the 
rock  surface  for  this  should  increase  both  the  normal  and  tangential  components.  Due  to 
the  simplicity  of  the  model,  detrimental  effects  due  to  rock-lining  interaction,  which  may 
increase  the  loading,  cannot  be  studied. 

The  second  loading  case  is  for  combined  vertical  and  horizontal  loading.  The 
horizontal  loading  will  be  taken  as  uniformly  distributed  and  equal  to  one-third  of  the 
vertically  applied  loading.  The  effects  of  increased  loading  and  variations  of  the  rock 
reaction  are  shown  in  Figure   42. 
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for 


for 


for 


Pamax   =  10'81  Pv  ("3'6%) (^13) 

k     =    40  ksf/in. 
n 

Pamax   =    1L29  Pv  ("3'3%) ^^ 

k     =    100  ksf/in. 
n 

P  =   9.65  P    (-0.2%) (^- 15) 

amax  v  v        ' 

k~n   =   40  ksf/in.  and  k     =  20  ksf/in. 


where 

P  =   vertical  rock  load  (ksf) 

v 

P  =   maximum  axial  force  (kips) 

a  max  r 

k  =   normal  component  of  the  modulus  of  rock 

reaction  (ksf/in.) 

k  =    tangential  component  of  the  modulus  of  rock 

reaction  (ksf/in.) 

The  percentages  within  the  parentheses  are  the  decrease  in  maximum  axial  force  from  the 
case  without  applied  horizontal  loading  to  this  with  P.    =  1/3  P  . 

Addition  of  the  laterally  applied  loading  caused  significant  reductions  in  the 
induced  lining  moments  (Figure  43).  Although  the  magnitudes  of  the  moments  have  been 
reduced,  the  relationships  between  the  various  rock  reactions  are  similar.  The 
relationships  for  the  maximum  moment  as  a  function  of  rock  load  for  the  three  rock 
reactions  are, 

Mmax  =  8^9  Pv  ("28-1%) ^"16) 

for  k     =   40  ksf/in. 

n 

Mmax  =  5'28  Pv  (-26-7%> ^"17) 

for  k    =  100  ksf/in. 

n 

M  =  6.82  P     (-28.3%) (4-18) 

max  v 

for  kn    =  40  ksf/in.  and  k~t   =  20  ksf/in. 
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where 

P  =   vertical  rock  load  (ksf) 

M  =   maximum  induced  moment  (ft-kips) 

max  r 

k  =   normal  component  of  the  modulus  of  rock  reaction  (ksf /in.) 

k  =   tangential  component  of  the  modulus  of  rock  reaction  (ksf/in.) 

The  percent  decrease  from  that  without  horizontal  loading  is  shown  in  parentheses. 
This  reduction  in  moment,  unlike  that  of  the  axial  force,  is  as  would  be  expected  in  light 
of  the  behavior  when  the  lateral  earth  pressure  is  increased  in  soft  ground  and  transition 
material. 

The  effect  of  varying  the  ratio  of  lateral  to  vertical  rock  pressure  (K)  on  the  axial 
force  is  shown  in  Figure  44.  One  noticeable  point  is  the  different  responses  to  the 
variations  of  the  models  with  and  without  the  tangential  component  of  rock  reaction.  The 
maximum  axial  force  occurs  at  the  springline  when  there  is  only  normal  rock  reaction  for 
a  K  less  than  approximately  0.33.  Above  this,  the  occurrence  of  the  maximum  axial  force 
shifts  and  the  difference  between  the  maximum  and  springline  axial  force  increases  with 
K.  For  the  situation  with  both  normal  and  tangential  rock  reaction  the  maximum  and 
springline  force  roughly  parallel  one  another  and  are  very  insensitive  to  K.  As  before,  the 
significance  of  the  rock  reaction  on  the  axial  force  decreases  with  an  increasing  ratio  of 
lateral  to  vertical  pressure. 

The  effect  of  increasing  the  ratio  of  lateral  to  vertical  pressure  (K)  on  the  moment 
in  the  lining  is  shown  in  Figure  45.  The  moment  decreases  with  increasing  K,  and  as 
before,  the  effect  of  the  rock  reaction  is  reduced  with  increasing  K.  This  is  due  to  the 
similarity  between  horizontal  loading  and  the  passive  rock  reaction. 

Since  the  rock  load  can  be  relatively  small  in  comparison  to  the  potential 
hydrostatic  pressure,  the  position  of  the  water  table  can  significantly  affect  the  axial 
force  developed  in  the  lining  (Figure  46).  From  the  figure  it  is  obvious  that  the  axial 
force  is  almost  entirely  dependent  on  the  hydrostatic  loading,  the  range  over  which  this  is 
true  is  dependent  on  the  vertical  rock  loading. 

Unlike  the  effect  of  the  position  of  the  water  table  on  the  axial  force,  the  effect 
on  the  moment  (Figure  47 )  seems  to  have  three  stages.  During  the  first  stage,  as  the 
water  table  rises  from  below  the  invert  to  the  springline,  there  is  little  effect  on  the 
crown  or  springline  moment,  but  a  noticeable  decrease  in  the  maximum  moment.  The 
second  stage,  which  occurs  while  the  groundwater  position  changes  from  the  springline  to 
approximately  40  feet  over  the  crown,  begins  a  gradual  reduction  in  the  crown  moment 
which  continues  through  stage  three.  During  stage  two  there  is  also  a  constant  increase  in 
the  springline  and  maximum  moments,  with  a  total  increase  of  100  and  200  percent, 
respectively.  Stage  three,  in  which  the  hydrostatic  head  increases  from  40  to  100  feet 
over  the  crown,  has  the  exact  opposite  effect  of  stage  two  on  the  springline  and  maximum 
moments.  The  springline  and  maximum  moments  are  the  same  magnitude  as  when  the 
groundwater  level  is  at  the  springline. 
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AXIAL    FORCE  (KIPS) 


FIGURE   46.         VARIATION  OF  AXIAL  FORCE  WITH  THE  POSITION  OF  THE 
WATER  TABLE  FOR  A  CAST-IN-PLACE  LINING  IN  ROCK 
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FIGURE     47 


VARIATION  OF  MOMENT  WITH  THE  POSITION  OF  THE 
WATER  TABLE  FOR  A  CAST- IN -PL  ACE  LINING  IN  ROCK 
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4.5.2     Block  Loading 

In  nature,  most  rock  masses  contain  patterns  of  joints  and  fractures.  The 
intersections  of  these  features  can  form  blocks  of  rock  which  may  move  against  a  tunnel 
liner  with  little  resistance  along  the  interface  surfaces.  To  study  the  function  of  block 
loading  with  respect  to  tunnel  lining  design,  the  effects  of  the  four  block  configurations  in 
the  WMATA  design  criteria  on  the  axial  forces  and  moments  will  be  compared.  In  regard 
to  the  individual  rock  block  loadings,  the  parameters  of  interest  are  the  angle  of  the  joints 
with  the  horizontal  and  the  joint  spacing.  The  strike  has  been  assumed  to  parallel  the 
tunnel  axis.  For  each  case,  the  block-lining  configuration  is  shown  on  the  figure  being 
discussed. 

The  first  block  loading  case  is  a  block  which  is  symmetrical  about  a  line  drawn 
through  the  center  of  the  tunnel  at  an  angle,  a ,  to  the  horizontal,  (a  less  than  90 
degrees).  Two  block  sizes  were  considered  and  are  shown  on  Figures  48  and  49,  axial  and 
moment  diagrams,  respectively.  The  angles  at  which  the  loadings  were  applied  are  30 
degrees,  45  degrees,  and  60  degrees. 

The  effects  of  the  block  angle  on  the  axial  forces  for  Block  Loading  Case  1  are 
shown  in  Figure  48.  As  can  be  seen  in  the  figure,  the  angle  at  which  a  block  of  a  given 
size  moves  onto  a  tunnel  liner  has  no  significant  effect  on  the  axial  force  developed  in  the 
lining.  Although,  for  the  larger  block  there  is  a  slight  decrease  in  the  crown  force,  the 
effect  on  the  maximum  axial  force  is  negligible.  The  increase  in  the  maximum  axial  force 
between  the  two  block  sizes  is  nearly  proportional  to  the  size  differential. 

The  effect  on  the  block  angle  on  the  various  moments  developed  in  the  lining  for 
the  first  block  loading  case  (Figure  49)  is  much  different  from  the  effect  on  the  axial 
forces.  For  the  smaller  block  there  is  a  slight  increase  in  the  maximum  moment  as  the 
angle  increases  from  30  degrees  to  60  degrees  to  the  horizontal.  The  larger  block  shows 
(Figure  49)  a  similar  increase  for  the  range  30  degrees  to  45  degrees,  but  a  more  rapid 
increase  in  maximum  moment,  between  45  degrees  and  60  degrees,  than  the  small  block. 
The  relationship  between  the  moment  at  the  crown  and  springline  is  very  greatly 
influenced  by  the  orientation  of  the  block.  As  the  angle  increases  from  30  degrees  to  45 
degrees,  there  is  a  rapid  increase  in  the  moment  at  the  springline,  and  only  minor 
variation  of  the  moment  at  the  crown.  As  the  angle  approaches  60  degrees  there  is  a 
rapid  decrease  in  the  crown  moment  with  little  further  effect  on  the  moment  at  the 
springline. 

The  second  block  loading  considered  is  a  completely  non-symmetrical  case.  The 
block  is  bound  on  its  lower  face  by  a  joint  that  is  co-linear  with  the  center  of  the  circle 
and  the  other  joints  are  then  defined  from  the  intersection  of  this  line  and  the  liner  as 
shown  in  Figures  50  and  51. 

The  effect  of  the  block  angle  on  the  axial  force  developed  in  the  lining  for  the 
second  case  is  shown  in  Figure  50 .  The  effect  of  the  angle  on  the  maximum  axial  force, 
which  occurs  at  the  springline,  is  negligible.  For  a  given  block  size,  as  the  angle 
increases,  the  axial  force  at  the  crown  decreases.  The  interesting  effect  is  that  while  the 
increase  in  the  maximum  (and  therefore  the  springline)  forces  due  to  the  block  size 
increase  are  nearly  proportional,  the  size  increase  and  the  size  effect  on  the  crown  axial 
force  is  much  less  and  dependent  on  the  block  angle. 
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VARIATION  OF  AXIAL  FORCE  WITH  DIP  ANGLE  FOR 
BLOCK  LOADING  CASE   1 
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The  effect  of  the  block  angle  on  the  moment  developed  in  the  lining  is  shown  in 
Figure  51.  The  effect  on  the  maximum  moment  is  minor,  but  there  is  a  slight  increase 
with  increasing  angle.  The  moments  at  the  crown  and  springline  vary  in  a  very  different 
mode  than  their  behavior  in  the  first  case.  As  the  angle  increases  from  30  degrees  to  45 
degrees,  there  is  a  decrease  in  the  moment  at  the  crown,  while  from  45  degrees  to  60 
degrees  there  is  a  much  more  significant  increase.  The  moment  at  the  springline,  on  the 
other  hand,  changes  little  for  a  block  angle  from  30  degrees  to  45  degrees,  but  decreases 
as  the  angle  increases  to  60  degrees.  As  with  the  axial  force,  the  increase  in  the 
maximum  moment  is  nearly  proportional  to  the  increase  in  block  size,  while  the  effect  on 
the  crown  and  springline  moments  are  somewhat  irregular  and  dependent  on  the  block 
angle. 

The  third  block  loading  case  is  a  block  bound  on  top  by  a  line  that  is  co-linear  with 
the  center  of  the  tunnel.    As  before,  the  size  considered  is  shown  on  Figures  52  and  53. 

Figure  52  shows  the  effect  of  the  block  angle  and  size  on  the  axial  force  developed 
in  the  lining.  There  is  only  minor  variation  between  the  three  axial  forces— crown, 
springline,  and  maximum—and  for  a  variation  in  block  angle  between  30  degrees  and  60 
degrees.  One  notable  point  is  that  the  increase  in  axial  force  with  block  size  is  not 
proportional  to  the  increase  in  block  size. 

As  is  evident  from  Figure  53,  the  effect  of  the  block  angle  on  the  moment  in  this 
case  is  much  more  significant  than  in  the  previous  two.  The  variation  in  maximum 
moment  is  dependent  on  both  the  block  angle  and  the  block  size.  The  decrease  in 
maximum  moment  for  the  smaller  block  is  at  an  ever  decreasing  rate,  while  for  the  larger 
block  it  is  an  ever  increasing  rate.  The  effects  on  the  crown  and  springline  moment  are 
less  dependent  on  size,  but  still  vary  with  the  block  angle.  The  springline  moment 
decreases  with  increasing  block  angle  which  also  increases  the  size  effect  of  the  block. 
There  is  only  minor  increase  in  the  crown  moment  as  the  block  angle  increases.  As  with 
the  axial  force,  although  the  effects  are  dependent  on  the  change  in  block  size  they  are 
not  proportional  to  that  change. 

The  fourth  and  last  block  loading  case  considered  is  for  a  block  formed  by  two 
joints  of  equal  dip  which  strike  parallel  to  the  tunnel  axis  and  form  a  block  that  is  sym- 
metrical with  the  vertical  tunnel  axis.  Since  the  joint  configuration  defines  the  block 
size,  each  point  considered  represents  both  dip  and  size  variation.  Due  to  the  symmetrical 
nature  of  this  loading,  the  relationship  between  the  maximum  axial  force  (which  coincides 
with  the  springline)  and  the  crown,  is  very  regular  (Figure  54).  The  increase  in  block 
angle,  and  therefore  block  size,  causes  an  increase  in  axial  force  which  occurs  at  an  ever 
increasing  rate. 

The  maximum  moment  is  at  the  crown  (Figure  55).  The  behavior  is  very  similar  to 
that  of  the  axial  force  with  the  moment  increasing  at  an  ever  increasing  rate  with  the 
increase  in  angle. 

4.6        FLEXIBLE  LINER  IN  SOFT  GROUND 

In  soft  ground  tunneling  the  use  of  permanent  flexible  segmental  linings  is  rapidly 
increasing  in  popularity.  In  this  study  a  flexible  lining  is  one  which  readily  deforms  under 
action  of  the  surrounding  ground  mass  to  allow  re-establishment  of  equilibrium.    It  is  not 
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so  flexible  that  no  moments  will  develop,  but  it  does  lessen  induced  moments  as  will  be 
seen.  These  liners,  since  they  can  be  rapidly  erected  in  the  tail  of  a  shield,  save  the  two- 
step  process  of  temporary  then  permanent  liner  installation.  The  model  used  here  is  that 
shown  in  Figure  27d.  Here  the  full  360-degree  ring  is  considered  to  consist  of  elements 
of  uniform  cross  section  with  normal  spring  reactions  used  to  model  the  subgrade  reaction. 
The  modulus  of  subgrade  reaction  (k)  will  be  studied  for  values  of  5  and  20  ksf /in.  for  unit 
weights  of  the  overburden  (  z  )  of  115  and  135  pcf. 

Figure  56  shows  the  effects  of  combined  variations  of  the  depth  of  cover,  the 
modulus  of  subgrade  reaction,  and  the  unit  weight  of  the  material.  The  relationship 
between  depth  of  cover  and  axial  force  is  linear  for  all  combinations  at  the  crown, 
springline,  and  the  maximum.  The  correlation  equations  for  the  maximum  axial  force  with 
the  depth  of  cover  are: 

Pamax  =  1-*0Dc  +  6"28 <*-19> 

for  f  =    115  pcf  and  k   =   5  ksf/in. 

Pamav  =  1.^9  D    +  6.04 (4-20) 

amax  c 

for  1  =    115  pcf  andk   =   20  ksf/in. 

pamav  =  L71  D^  +  3-79 (4-21) 

amax  c 

for  1=   135  pcf  andk   =   5  ksf/in. 

P  =  1.75  D    +  7.04 (4-22) 

amax  c 

for  1  =   135  pcf  and  k   =    20  ksf/in. 

Unlike  the  rigid  liner  in  soft  ground,  there  is  not  a  linear  relationship  for  unit 
weight  between  the  maximum  axial  forces.  Both  the  increase  in  subgrade  reaction  and 
unit  weight  increase  not  only  the  axial  force  for  a  given  depth  of  cover  but  also  the  rate 
at  which  the  axial  force  increases  with  depth. 

The  effect  of  depth  of  cover,  modulus  of  subgrade  reaction,  and  unit  weight  on  the 
moment  developed  in  the  lining  is  shown  in  Figure  57.  The  influences  on  the  moment 
are  slightly  different  from  those  on  the  axial  force.  The  relationship  between  depth  of 
cover  and  the  moment  for  each  case  is  linear, 

M  =  0.64  D    -1.47 (4-23) 

max  c 

for  t  =   115  pcf  and  k  =  5  ksf/in. 

M  =  0.66  D    +  0.50 (4-24) 

max  c 

for  1  =   135  pcf  andk   =    5  ksf/in. 
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Mm=w   =   0-351  D    -  0.767 (4-25) 

max  c 


for  %  -    115pcfandk   =   20  ksf/in. 

Mrr,av   =   0.413  D-  0.900 (4-26) 

rTicLX  C 

for  n=   135pcf,k   =   20  ksf/in. 

The  relative  effects  of  the  unit  weight  of  overburden  and  modulus  of  subgrade  reaction  on 
the  moment  are  the  reverse  of  that  on  the  axial  force.  The  effect  of  the  variation  in  the 
subgrade  reaction  on  the  moment  is  greater  than  for  the  axial  force,  while  the  effect  of 
the  unit  weight  is  less.  An  increase  in  the  unit  weight  increases  the  moment,  while  an 
increase  in  the  subgrade  reaction  decreases  the  induced  moments. 

The  effect  of  variation  in  the  coefficient  of  lateral  earth  pressure  (K)  on  the  axial 
force  in  the  lining  is  shown  in  Figure  58.  As  K  approaches  1.0,  the  crown  and  springline 
axial  forces  approach  one  another,  and  the  effect  of  the  modulus  of  subgrade  reaction 
decreases.  The  maximum  axial  force  increases  with  increasing  K. 

The  effect  of  varying  K  on  the  moment  in  the  flexible  lining  is  shown  in  Figure 
59.  For  the  range  of  approximately  0.45  to  0.65,  the  maximum  moment  occurs  at  the 
crown.  From  this  point  until  about  K  =  0.85,  the  difference  between  the  maximum  and 
crown  moments  increase  steadily.  For  soft  ground  wjth  k  =  5  ksf/  in.,  the  moment  is  fairly 
constant  between  K  =  0.85  and  1.0.  However,  for  k  =  20  ksf/in.,  the  maximum  moment 
continues  to  decrease  through  this  range,  though  at  a  slower  rate  than  for  K  less  than 
0.85. 

The  effect  of  the  position  of  the  water  table  on  the  axial  force  can  be  seen  in 
Figure  60.  There   is    little    change    as    the   groundwater   varies   from    the   invert   to 

approximately  20  feet  over  the  crown.  From  this  point,  as  the  depth  of  the  groundwater 
increases,  there  is  a  constant  but  slight  decrease  in  the  maximum  axial  force  with  a 
corresponding  increase  in  the  axial  force  at  the  crown.  The  axial  force  at  the  springline  is 
independent  of  the  position  of  the  groundwater,  and  the  effect  of  the  modulus  of  subgrade 
reaction  is  nearly  constant  for  all  positions  of  the  groundwater  level. 

The  effect  of  the  position  of  the  groundwater  table  on  the  moment  developed  in  the 
flexible  lining  is  shown  in  Figure  61  .  The  effects  are  minimal  until  the  groundwater 
level  rises  above  the  springline.  As  the  groundwater  level  rises  beyond  this  point,  there  is 
a  constant  decrease  in  the  moment  which,  unlike  the  axial  force,  does  not  seem  to  be 
independent  of  the  modulus  of  subgrade  reaction  (k).  The  decrease  in  moment  with 
increased  depth  of  the  groundwater  is  lessened  with  an  increased  k. 

4.7        OTHER  COMPUTER  METHODS  IN  TUNNEL  DESIGN 

The  computer  programs  STRESS,  STRUDL  and  SAP  are  currently  used  for  tunnel 
liner  design.  These  programs  have  been  used  for  a  period  of  time  and  have  established 
their  feasibility  for  use  in  design.  However,  there  are  more  recently  developed  programs 
which  have  not  gained  wide  acceptance.  These  programs  will  be  cited  in  this  section. 
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It  should  also  be  noted  that  the  COSTUN  (Tunnel  Cost  Estimating  Program)  is 
currently  being  used  for  estimating  the  construction  cost  of  the  tunnel-shaft  system 
(Wheby,  et  al.,  1974).  With  this  program,  it  is  said  to  be  possible  to  evaluate  the  cost 
implications  of  the  various  methods  of  construction  or  alignments  without  detailed  designs 
or  quantity  estimates. 

4.7.1  Studies  Using  Potential  Computer  Programs  for  Tunnel  Design  in  Soft  Ground 

Paul,  et  al.  (1974),  proposed  a  linear  finite  element  computer  program  to  predict 
the  interaction  of  a  circular  liner  with  surrounding  medium.  Results  are  plotted  in  the 
form  of  dimensionless  quantities  from  which  moment,  thrust,  shear,  and  deformation  can 
be  estimated.  They  also  used  a  piecewise  linear  option  in  the  NASTRAN  program  to 
simulate  the  concrete  liners  and  steel  ribs  in  soil  opening. 

Ranken  and  Ghaboussi  (1975),  used  the  finite  element  program  GEOSYS  to  analyze 
the  stress  and  deformation  around  advancing  tunnels.  The  three-dimensional  problem  is 
modeled  with  axisymmetric  finite  elements.  Both  linear-elastic  and  elasto-plastic  soil 
strength  behaviors  are  considered  in  the  analysis.  Results  are  plotted  in  dimensionless 
quantities. 

Ranken  and  Ghaboussi  (1976),  utilized  a  two-dimensional  finite  element  computer 
program  to  study  the  behavior  and  interaction  of  two  parallel  circular  tunnels.  Depth  of 
burial,  tunnel  spacing,  and  construction  sequence  are  the  system  variables,  and  they  are 
considered  in  detail.  The  soil  mass  is  assumed  to  be  homogeneous,  isotropic,  and 
continuous  with  a  free-field  stress  system  corresponding  to  the  self-weight  of  the  medium 
and  K=0.5.  Also,  both  linear-elastic  and  elasto-plastic  medium  behavior  are  considered. 
Results  are  plotted  in  dimensionless  quantities. 

Clough,  et  al.  (1977),  developed  and  verified  a  general  purpose  finite  element  code 
for  analysis  of  grouted  tunnels.  The  code  contains  plane  strain  and  axisymmetric  options, 
which  allow  economic  study  of  the  major  variables  influencing  grouted  tunnel  behavior. 
The  program  can  accommodate  heterogeneous  soils,  groundwater  conditions,  non-uniform 
initial  stress  field,  non-linear  soil  response,  and  variations  in  tunneling  construction 
sequences  and  procedures.  Based  on  the  plane  strain  type  of  analysis,  the  predicted 
surface  settlements  and  subsurface  displacements  of  the  soil  mass  around  tunnels  are 
consistent  with  those  actually  measured  in  a  number  of  cases. 

4.7.2  Studies  Using  Potential  Computer  Programs  for  Tunnel  Design  in  Rock 

Isenberg  (1973),  based  on  a  number  of  finite  element  theories  and  computer 
technology,  developed  a  computer  program  analyzing  general  three-dimensional  structures 
and  cavities  in  rock.  The  program  considers  anisotropic,  nonlinear,  and  time-dependent 
material  properties,  as  well  as  the  effects  of  rock  joints,  gravity  loading,  and  construction 
sequence.  This  program  is  applicable  to  handle  various  types  of  structures  in  rock;  thus,  if 
used  in  the  design  of  tunnels  with  several  joint  sets,  it  may  result  in  very  high  computation 
costs. 

Daeman  (1975)  developed  a  strain-softening  dilatant  finite  element  continuum  to 
represent  the  (failing)  rock  mass.  A  three-dimensional  axisymmetric  finite  element 
analysis  was  used  to  study  the  influence  of  the  face  tunnel  support  loading.  A  two- 
dimensional  plane  strain  model  was  developed  in  which  excavation  is  simulated  through 
progressive  unloading  of  the  tunnel  periphery.  In  this  analysis,  the  computer  program 
TUNSUP  (Tunnel  Support  Analysis  Program)  is  utilized  to  represent  the  support  action. 
Some  results  are  plotted  for  ready  reference. 
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Ranken,  et  al.  (1978),  extended  their  finite  element  analysis  to  examine  the 
ground-linear  interaction  resulting  from  localized  gravity  loading  condition.  This 
loading  condition  is  to  simulate  rock  block  loading  and  applies  to  only  a  portion  of  the 
liner  circumference.  The  two-dimensional  (polar  coordinate),  plane  strain,  linear  elastic 
finite  element  methods  were  utilized  for  a  circular  tunnel.  Results  are  plotted  in 
dimensionless  quantities. 

Kulhawy  (1979)  performed  a  preconstruction  analysis  for  the  effect  of  multiple 
tunnel  and  chamber  openings  on  one  another.  A  two-dimensional  finite  element  method 
was  utilized  to  predict  the  stress  and  displacement.  The  computed  displacements  for 
the  pilot  tunnel  agree  well  with  extensometer  measurements,  and,  as  predicted,  no 
fallouts  occurred  in  the  actual  research  chamber.  The  geological  environment, 
geometric  factor,  rock-support  interaction,  in-situ  stress  condition,  linear  elastic  rock 
mass  behavior,  and  construction  sequence  are  considered  in  the  finite  element  analysis. 

Azzouz,  et  al.  (1979),  performed  a  three-dimensional  finite  element  analysis  to 
study  the  ground  behavior  of  the  Atlanta  Research  Chamber.  Based  on  information 
from  subsurface  investigation,  the  static  isotropic  linear  elastic  option  of  the  ADINA 
(Automatic  Dynamic  Incremental  Nonlinear  Analysis)  program  was  employed  for  the 
analysis.  The  entire  rock  mass  was  assumed  to  be  homogeneous  with  elastic  properties 
E=4.6  x  10  psi  and  v  =0.17.  The  predicted  displacement  on  the  vertical  plane  along 
the  chamber's  longitudinal  axis,  by  three-dimensional  analysis,  agreed  with  inclinometer 
measurements. 

Gartung,  et  al.  (1979),  reviewed  a  fully  three-dimensional  finite  element  stress- 
strain  analysis  of  a  subway  tunnel  in  Nuremberg.  Based  on  subsurface  investigation 
information  and  experience,  the  rock  mass  is  modeled  by  a  homogeneous,  isotropic 
continuum,  and  the  stress-strain  relationship  is  expressed  as  a  nonlinear  elastoplastic 
constitutive  law.  The  in  situ  vertical  stress  is  equal  to  the  weight  of  overburden  and 
K=0.3.  No  groundwater  influences  are  considered  in  the  analysis.  The  effect  of  steel 
ribs  is  neglected.  Tensioned,  short  rock  bolts  are  considered  as  an  equivalent  internal 
pressure.  The  shotcrete  is  modeled  by  steel  elements  with  linearly  elastic  properties 
which  depend  on  the  age  of  the  shotcrete.  The  tunnel  excavation  is  simulated  in 
accordance  with  the  basic  construction  sequence.  The  computer  program  PAM-NL  is 
utilized  for  the  analysis,  and  results  of  the  analyses  are  plotted  and  summarized.  A 
monitoring  program  has  been  set  up  according  to  information  from  the  analyses. 
However,  the  actual  measured  information  is  not  reported  in  the  paper,  and  comparison 
of  the  predicted  displacement  or  stress  cannot  be  made. 

4.8        SUMMARY 

The  parameters  required  for  the  analytical  design  of  tunnel  liners,  based  on  a 
review  of  theories  currently  in  use,  are  (1)  depth  of  cover,  (2)  unit  weight  of  the  ground 
through  which  the  tunnel  is  advanced,  (3)  the  coefficient  of  lateral  earth  pressure,  (4) 
the  position  of  the  water  table  and  (5)  the  modulus  of  subgrade  reaction.  The  relative 
importance  of  these  parameters  is  shown  in  Table  15  .  This  rating  is  based  upon 
computer  analyses;  it  cannot  be  quantitatively  justified.  However,  an  attempt  was 
made  to  realistically  rate  the  parameters  with  regard  to  the  range  within  which  they 
may  vary  for  a  given  tunnel  section. 

One  point  that  is  important  to  note  is  that  a  given  parameter  can  have  a  very 
different  effect  on  the  maximum  axial  force  and  the  maximum  moment  for  the  same 
lining.     This  can  be  seen  in  a  number  of  places  such  as  the  effect  of  the  unit  weight  on 
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TABLE    15 

RELATIVE  IMPORTANCE  OF  THE  VARIOUS  PARAMETERS  STUDIED 
ON  THE  MAXIMUM  AXIAL  FORCE  (Pa)  AND  THE  MAXIMUM  MOMENT  (M) 
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M 

3 
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1.  For  the  cast-in-place  lining  in  rock  only  the  distributed  loading  effects  are  included  in 
the  table. 

2.  For  the  rock  loadings,  it  is  a  combination  of  rock  unit  weight  and  effective  depth  of 
loading  which  is  considered.   Therefore,  this  rating  represents  the  effect  of  the 
vertical  rock  load. 

NOTE:   "1"  represents  the  most  significant  to  design,  while  "5"  represents  the  least  significant. 
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flexible  liner  in  soft  ground  and  the  coefficient  of  lateral  pressure  on  the  cast-in-place 
liner  in  rock.  The  significance  of  the  depth  of  cover  D  may  or  may  not  be  overstated  in 
this  analysis  due  to  the  fact  that  no  arching  action  is  assumed  to  have  developed.  This  is 
in  keeping  with  current  design  practice  though  for  a  single  highway  tunnel,  or  two  tunnel 
widely  spaced  tunnels,  it  may  be  conservative. 

In  relation  to  the  block  loading  cases,  it  would  appear  from  the  analyses  that  the 
size  (i.e.,  spacing  of  the  joints)  is  of  more  importance  than  the  dip  of  the  joints. 

Parameters  required  for  lining  design  can  be  obtained  using  readily  available  site 
exploration  and  laboratory  testing  techniques.  However,  the  values  used  must  be 
tempered  with  an  understanding  of  local  geological  conditions  and  their  impact  on 
tunneling. 
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5.0  REVIEW  OF  CURRENT  PRACTICES  FOR  TUNNEL  LINER  DESIGN 

5.1  INTRODUCTION 

Tunnel  design  and  construction  have  been  proceeding  at  a  relatively  rapid  rate  in 
the  United  States  since  the  beginning  of  the  Bay  Area  Rapid  Transit  System  (BART).  This 
has  resulted  in  a  substantial  amount  of  experience  being  generated  in  tunnel  design  for  a 
wide  variety  of  soil  and  rock  conditions.  This  experience  will  be  used  herein  to  assess 
methods  currently  in  use  for  tunnel  design  and  construction,  and  to  identify  the 
geo technical  parameters  required  as  input  to  them. 

To  obtain  a  better  understanding  of  the  state-of-practice  of  the  use  of  geotechnical 
parameters  in  tunnel  design  and  construction,  tunnel  design  criteria  for  four  (4)  transit 
systems— the  Bay  Area  Rapid  Transit  (BART),  Chicago  Urban  Transportation  District 
(CUTD),  Maryland  Mass  Transit  Administration  (MTA),  and  the  Washington  Metropolitan 
Area  Transit  Authority  (WMATA)  systems— were  reviewed. 

Because  of  the  limitations  in  accurately  determining  the  geotechnical  parameters 
and  the  variation  of  geotechnical  conditions  along  the  tunnel  route,  the  design  criteria  for 
each  system  are  usually  simplifications  based  on  local  tunneling  experience.  As  the 
tunneling  experience  accumulates  with  time,  the  design  criteria  are  modified.  A  direct 
comparison  between  the  design  criteria  for  various  cities  is  not  possible  since  they  are 
prepared  to  fit  local  geotechnical  conditions.  Furthermore,  in  order  to  have  economical 
and  safe  tunneling,  design  guidelines  usually  are  given  only  for  complicated  ground 
conditions.  For  example,  design  criteria  for  tunneling  in  rock  or  transition  materials 
usually  are  not  given;  rather,  the  section  designer  is  required  to  consult  with  the  General 
Soils  Consultant  for  a  detailed  design. 

Due  to  the  wide  range  in  geological  conditions  (soft  ground,  rock  and  mixed  face) 
present  in  the  area  served  by  the  WMATA  system,  the  amount  of  tunneling  performed,  and 
the  willingness  of  the  WMATA  Engineering  Department  to  make  its  files  available  for 
review,  the  criteria  and  procedures  for  tunnel  design  being  used  on  the  WMATA  system 
were  studied  in  detail.    The  criteria  for  the  other  systems  are  briefly  summarized. 

5.2        WMATA  TUNNEL  SYSTEM 

To  date  (June  1979),  about  30  miles  of  single  track  tunnel  have  been  built  in  the 
WMATA  system— approximately  50  percent  in  soft  ground  and  50  percent  in  rock.  As 
indicated  in  Table  16,  the  1*  earth  tunnel  sections  were  designed  by  13  different 
consultants.  The  seven  rock  tunnel  sections  were  designed  by  six  different  consultants 
(Table  17).  These  21  tunnel  sections  represent  a  wide  range  in  ground  and  groundwater 
conditions. 

For  most  tunnel  sections,  the  liners  were  constructed  with  one  type  of  lining 
system  in  one  shape.  However,  for  soft  ground  tunnels,  the  designers  were  required  to 
design  rigid  (cast-in-place  concrete)  liners  in  two  shapes  (circular  and  horseshoe),  and  two 
circular-shape  flexible  liners  (fabricated  steel  and  cast  iron).  In  rock  tunnels,  two  shapes 
of  rigid  liners  were  required.  The  final  choice  of  permanent  liner  was  generally  based  on 
economic  considerations  and  WMATA's  safety  requirements. 

Because  of  the  uncertainty  of  underground  geologic  features,  temporary  liners  for 
the  earth  tunnels  and  an  initial  support  system  for  the  rock  tunnels,  during  the 
construction  stage,  were  suggested  by  the  designer.    It  was  the  contractor's  responsibility 
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to  select  the  temporary  support  system,  e.g.,  the  size  and  spacing  of  the  steel  ribs  in  earth 
tunnel,  and  the  spacing  and  length  of  the  rock  bolts  in  rock  tunnel.  This  selection  should 
be  based  on  the  contractor's  construction  method,  equipment,  experience,  and 
compatibility  of  the  support  system  and  ground  conditions.  Since  the  selection  of  the 
temporary  support  system  is  based  largely  on  experience,  and  there  are  no  required  design 
criteria,  it  is  not  considered  in  this  chapter. 

5.2.1  Design  Criteria  of  WMATA  Tunnel  System 

The  design  criteria  for  the  tunnel  liner  system  were  prepared  by  the  General 
Engineering  Consultant  (GEC)  of  WMATA  (DeLeuw,  et  al.,  1973).  These  criteria  provided 
basic  guidance  for  designers.  The  important  points  related  to  tunnel  liner  design  are  as 
follows: 

(1)  Design  loading  and  loading  conditions  on  tunnels  (Figures  62  through  68). 

(2)  Type,  grade,  and  strength  of  the  building  materials. 

(3)  Design  methods  and  design  codes. 

5.2.2  Geotechnical  Information  of  WMATA  Tunnel  System 

The  design  of  tunnel  liners  relies  heavily  on  geotechnical  information  of  the 
surrounding  soil-rock  materials.  This  information  was  provided  by  the  General  Soils 
Consultant  (GSC)  of  WMATA  in  the  form  of  subsurface  investigation  reports  (Mueser,  et 
al.,  1967,  1976,  etc.),  which  basically  include  the  following  points: 

(1)  Soil  properties  for  design  (Table  18). 

(2)  Soil-rock  descriptions  along  the  tunnel  route. 

(3)  Soil-rock  profile  along  the  tunnel  route. 

(4)  Groundwater  conditions  along  the  tunnel  route. 

(5)  Coefficient  of  subgrade  reaction  for  related  types  of  soil. 

(6)  Vertical  rock  load  along  the  tunnel  route  (Table  19  ). 

(7)  Any  foreseeable  construction  difficulties;  for  example,  excess  hydrostatic 
pressure,  inadequate  soil  cohesion,  unstable  utility  lines,  etc. 

(8)  The  collection  of  local  geotechnical  experience. 

(9)  Additional  geotechnical  information  specifically  requested  by  the  designer. 

5.2.3  Tunnel  Liner  Design  of  WMATA  Tunnel  System 

5.2.3.1    Design  of  a  Cast-in-Place,  Circular-Shaped  Reinforced  Concrete  Rigid  Liner 
in  Soft  Ground 

To  date  (1979),  in  the  WMATA  system,  circular,  cast-in-place  reinforced  concrete 
liners   have  been  designed  for  most  of  the  soft  ground  tunnel  sections  (11   out  of    12 
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DEN +  SURCHARGE  -  SIDE 
SHEAR 

SIDE  SHEAR  TO  BE  COM- 
PUTED USING  FRICTION 
FACTOR  =  0.3  IN  CLAYEY 
SOILS  TO  0.5  IN  SANDY 
SOILS 
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SIDE  SHEAR 
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CONSTRUCTION  WL 
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WATER 
PRESSURE 


(LOAD  SYMMETRICAL) 

CONSTRUCTION  AND  SHORT-TERM  LOADING 


FIGURE  64. 


DESIGN  LOADING  FOR  HORSESHOE  TUNNEL 
(MUESER,  ET  AL.,  1969  AND  1976) 


l'*7 


life  "Pi 


TABULATED  AVERAGE  VERTICAL 
ROCK  PRESSURE'-  PR 


HORIZONTAL  ROCK  PRESSURES 
BELOW  SPRINGLINE,  GENERALLY 

=  '/2PR 

ASSUME  APPROXIMATELY  '/4PR 
FOR  TWIN  SINGLE  TRACK  TUNNEL 
DURING  CONSTRUCTION 


PINNED  OR  FIXED 


CASE  1.  ROCK  PRESSURES  ONLY,  WORKING  STRESSES 


SPRINGLINE,- 
PINNED 


BUOYANT  ROCK  PRESSURES, 
TAKE  0.6  TIMES  CASE  i. 


GROUNDWATER  PRESSURES = 
62.5  PCF  x  DEPTH  OF  TUNNEL 
CROWN  BELOW   GROUNDWATER 
LEVEL 


'/2PW:  ACTING  HORIZONTALLY 
AT  SPRINGLINE 


CASE  2.  HYDROSTATIC  PRESSURES,  ULTIMATE  STRESSES 


FIGURE   65. 


DESIGN  PRESSURE  FOR  ROCK  TUNNEL  (MUESER,  ETAL., 
1967) 
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HORSESHOE 
V 


CIRCULAR 


CASE  I 

(a)  X  =  B/3 
Y=B/4 

(b)  X  =  B/2 
Y  =  B/3 


CASE  II 

(a)  X=B/3 
Y  =B/4 

(b)  X  =  B/2 
Y=B/3 


FOR  CASES  I  AND  II,  ANGLE  8  TO  BE  DETERMINED  FROM  SUBSURFACE 
DATA. 

NOTE'  FRICTION  ANGLE  OF  15°  AT  SLIDING  JOINTS  CASE  I  THRU  HI. 


FIGURE   66.     LOADING  CONDITIONS  FOR  ROCK  TUNNEL 
(DeLEUW,  ET  AL.,  1973) 
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HORSESHOE 


CIRCULAR 


CASE  III 

(a)  X  =  B/3 
Y  =  B/4 

(b)  X  =  B/2 
Y=B/3 


CASE   IV 

(a)  a  =30° 

(b)  a  =  45° 

(c)  a  =  60° 


FOR  CASE  III,  ANGLE  8  TO  BE  DETERMINED   FROM  SUBSURFACE  DATA 


FIGURE    67 


LOADING  CONDITIONS  FOR  ROCK  TUNNEL 
(DeLEUW,  ET  AL.,  1973) 
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HORSESHOE 


CIRCULAR 


UA 


A    X  A  * 


-<  '.••:•■:■.■• 


B 


CASEV 


PR  =  TABULATED  AVERAGE  VERTICAL  ROCK  PRESSURE. 


FIGURE    68.       LOADING  CONDITIONS  FOR  ROCK  TUNNEL 
(DeLEUW,  ET  AL.,  1973) 
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TABLE  19.    AVERAGE  VERTICAL  LOAD  ON  ROCK  TUNNEL  (Mueser,  et  ah,  1967) 


TUNNEL  TYPE 

SINGLE 
TRACK 

DOUBLE 
TRACK 

STATION 

EXCAVATED  DIMENSIONS 

20'  WIDE 
18'  HIGH 

35'  WIDE 
2V  HIGH 

70'  WIDE 
W  HIGH 

MINIMUM  COVER  OF  "RELATIVELY 
SOUND  OR  SOUND  ROCK" 
REQUIRED  FOR  TYPE  I  LINING 

10' 

15' 

30' 

TYPE  II  LINING  FOR  THE  FOLLOWING 
CONDITIONS 

AVERAGE  VERTICAL  LOAD 

PORTAL  SECTIONS  OR  WHERE  ROCK 

COVER  OF  ANY  QUALITY  IS  <  0.*  OF 
/Av        MINIMUM  ROCK  COVER  FOR  TYPE  I 
K    '        LINING,  OR  WHERE  THICKER  ROCK 

COVER  IS  HIGHLY  JOINTED  AND 

WEATHERED 

FULL  OVERBURDEN  -    E V 

ROCK  COVER  RELATIVELY  SOUND  OR 
(B)        SOUND,  BUT  IS   >  0A  AND  <    0.6 
OF  MIN.  ROCK  COVER  ABOVE 

0.15E  V 

0.30 E   V 

0.60  E    V 

ROCK  COVER  RELATIVELY  SOUND 
(C)        OR  SOUND,  BUT  IS  >   0.6  AND    <  0.8 
OF  MIN.  ROCK  COVER  ABOVE 

0.10E  V 

0.20  E   V 

0.40  E   V 

ROCK  COVER  RELATIVELY  SOUND 
(D)        OR  SOUND,  BUT  IS  >  0.8  AND  <  1.0 
OF  MIN.  ROCK  COVER  ABOVE 

0.05  E  V 

0.10E   V 

0.20  E   V 

ROCK  COVER    >  1.0  OF  MIN.  VALUE, 
(E)        BUT  IS  NOT  RELATIVELY  SOUND 
OR  SOUND  AT  TUNNEL  TOP 

0.5KSF 

1.0KSF 

2.0KSF 

NOTE:    1.    S  V  =   TOTAL  PRESSURE  OF  OVERBURDEN,  SOIL  +  ROCK  ABOVE  TUNNEL 
TOP. 

2.  RQD  VALUES  GREATER  THAN  60  TO  70%  GENERALLY  QUALIFIES  AS 
RELATIVELY  SOUND  OR  SOUND  ROCK  COVER. 

3.  TYPE  I  LINING,  ROCKBOLTS,  STEEL  SETS,  SHOTCRETE,  AND 
COMBINATIONS  THEREOF  (WRITER'S    NOTE). 

k.   TYPE  II  LINING,  REINFORCED  CONCRETE  LINING  (WRITER'S  NOTE). 
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sections,  except  F-2a),  and  more  than  two-thirds  of  the  sections  have  been  constructed 
with  this  type  of  liner  system  (9  out  of  11  sections,  except  D-l  and  D-4a).  The 
requirement  of  shield  driven  tunnels,  and  the  contractor's  familiarity  with  this 
construction  methodology,  may  be  the  main  reasons  for  using  this  type  of  permanent  liner. 

In  the  design  analysis  of  circular,  cast-in-place  concrete  liners,  an  elastic  ring 
under  constant  loadings  with  infinitesimal  deformations  has  been  assumed  for  most  of  the 
sections.  This  assumption  is  valid,  since  the  1 5-inch-thick  reinforced  concrete  ring 
normally  designed  is  much  stiffer  than  the  surrounding  soils.  Because  of  the  relatively 
small  deformation  of  the  ring,  a  linear  elastic  stress-strain  relationship  is  assumed  and  the 
principle  of  superposition  applied  in  the  loading-stress  analysis  of  the  concrete  liner.  The 
long-term  loading,  as  shown  in  Figure  62  or  63  i  is  the  basis  for  the  ring  stress  analysis. 
Surcharge  (300  psf),  overburden  depth,  unit  weight  (  3sl30  pcf),  original  groundwater 
level,  and  the  modified  coefficient  of  lateral  earth  pressure  (KsO.875)  are  the  primary 
geotechnical  parameters  used  in  this  analysis,  From  the  obtained  maximum  moment, 
thrust,  and  shear,  the  reinforcing  steel  for  a  cross  section  of  the  ring  can  be  designed 
through  working  stress  analysis.  Since  the  circular  cast-in-place  concrete  liner  is  the 
permanent  structure,  the  designed  liner  must  be  able  to  sustain  any  realistic  combination 
of  loadings  which  may  occur  during  the  life  of  the  tunnel.  Therefore,  the  liner  must  be 
checked  for  construction  and  short-term  loading  conditions.  As  recommended  by 
WMATA's  GEC,  the  ultimate  stress  analysis  for  reinforced  concrete  must  be  utilized  in 
the  checking  process.  The  additional  geotechnical  parameters  needed  in  this  process  are: 
side  shear  (cohesion,  c,  and  angle  of  internal  friction,  <J>  ),  and  the  coefficient  of  active 

earth  pressure  (K  =  .  ~sm  f     ).    For  simplicity,  the  GEC  suggested  K=0.65-1.00  (modified 

from  K=0. 45-1.00)  for  ultimate  strength  checking.  The  groundwater  table  in  this  loading 
condition  can  reasonably  be  assumed  at  the  future  tunnel  springiine  level.  It  should  be 
noted  that  the  coefficient  of  lateral  subgrade  reaction  is  not  directly  considered  in  the 
design  of  this  type  liner  because  infinitesimal  deformations  of  the  liner  are  assumed. 

The  previously  described  design  method  is  recommended  by  WMATA,  and  was 
generally  used  by  most  of  the  section  designers.  However,  some  section  designers,  based 
on  their  experience,  made  different  assumptions  to  reach  an  effective  design;  and  others 
made  thorough  computer  analyses  for  each  influence  factor.  Some  typical  design  methods 
are  discussed  in  the  following  paragraphs. 

Tunnel  Section  C-4  passes  beneath  the  Potomac  River  north  of  Roosevelt  Island. 
Two  typical  cross  sections  were  considered  in  the  liner  design,  one  soil  and  one  rock.  The 
design  of  the  tunnel  liner  in  soil  is  discussed  as  follows.  A  500  psf  surcharge  was  assumed. 
For  formulation  of  the  reinforced  concrete  design  of  the  tunnel  liner,  the  moments  (M) 
and  thrusts  (T)  at  the  crown  and  the  springiine  were  calculated  by  Roark's  formula  (Roark 
and  Young,  1975)  for  an  elastic  ring: 

M    =   0.25  WR2  — ———-—————.——^———.—————(5-1) 

T   =   WR -■-■——- — . — —— (5-2) 

where  W  is  the  difference  between  average  vertical  pressure  (p  )  and  average  horizontal 
pressure  (p.  ),  and  R  is  the  radius  of  excavation.  Based  on  a  selection  of  the  reinforcing 
steel  design,  the  minimum  allowable  coefficient  of  lateral  pressure  (K)  for  the  designed 
liner  was  back  calculated  through  the  ultimate  stress  method.  For  this  section,  minimum 
allowable  K  was  0.63,  which  was  less  than  the  lower  limit  (K=0.65)  required.  Thus,  the 
designed  section  was  assumed  satisfactory. 
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Tunnel  Section  D-l  is  divided  into  two  parts  (north  and  south)  by  the  Metro  Center 
station  (A-l).  The  computer  (Arch  program)  was  utilized,  and  a  total  of  eight  loading 
combinations  were  studied.  They  were  long-term  conditions  (K  =0.875,  original  ground- 
water level),  short-term  conditions  (K  =(l-sin  $  )/(l+sin  4> ),  groundwater  level  below 
invert),  ultimate  conditions  (K=0.45  anoK=1.00,  with  original  groundwater  level).  Each  of 
these  four  loading  conditions  was  investigated  for  both  the  thermal  expansion  and  thermal 
shrinkage  states  by  assuming  a  temperature  rise  of  30  F  and  temperature  fall  of  40  F, 
respectively.  Both  (borth  and  south)  sections  were  also  computer  analyzed  with  the 
configuration  of  a  90  cut-out  around  the  bottom  of  the  ring.  In  this  case,  the  built-in 
condition  (no  translation  and  no  rotation)  was  assumed  for  the  two  end  support  points 
because  (1)  the  total  weight  of  the  concrete  liner  with  the  applied  live  load  and  the  total 
weight  of  the  soil  excavated  are  about  balanced  (no  significant  settlement  anticipated),  (2) 
the  average  thickness  of  the  actual  invert  floor  is  about  2.5  ft  of  reinforced  concrete  (no 
rotation).  The  final  reinforced  concrete  liner  design  was  based  on  the  long-term  loading 
condition  for  the  full  ring  configuration. 

Tunnel  Section  D-4a  is  separated  Into  three  parts  (west,  center,  and  east)  by  the 
L'Enfant  Plaza  station  (D-3)  and  the  Federal  Center  station  (D-4b).  Seven  subsections, 
including  fourteen  individual  cases,  were  studied  because  of  (1)  differences  in  soil  profile, 
(2)  different  coefficients  of  lateral  earth  pressure  (K=0.38  to  0.57),  different  side  shear 
(f =0.15  to  0.50)  from  different  types  of  soil  (fill,  Tl,  T2,  T3,  T5,  and  PI),  (3)  different 
surcharge  (300  psf  for  construction  load  and  700  psf  for  railroad  load),  and  (4)  long-term 
conditions,  K=0.80,  used  where  the  spacing  between  two  tunnels  is  less  than  one  tunnel 
diameter.  After  the  analysis  of  all  fourteen  cases,  the  most  critical  construction 
conditions  for  each  subsection  were  selected,  together  with  the  long-term  conditions 
(K=0.875,  K=0.65,  and  K=1.00).  The  moment,  thrust,  and  shear  for  every  selected 
combination  were  calculated  by  computer.  In  the  final  reinforced  concrete  design  of  the 
tunnel  liners,  five  of  the  seven  subsections  were  governed  by  the  long-term  condition 
where  K=0.875;  while  the  other  two  subsections  were  governed  by  the  long-term  condition 
where  K=0.65. 

Tunnel  Section  D-6  is  divided  into  two  parts  (east  and  west)  by  the  Eastern  Market 
station.  Two  subsections  were  considered  because  of  different  depths  of  overburden.  For 
construction  and  short-term  loading,  the  following  additional  factors  were  taken  into 
account:  (1)  an  all  around  pressure  (0.55  ksf)  due  to  adjacent  tunnels  (as  per  BART 
criteria),  (2)  an  overload  factor  associated  with  ground  loss,  and  (3)  an  elliptically  shaped 
alternative  load  diagram  was  assumed.  Also,  because  the  tunnel  is  in  overconsolidated 
clay,  the  average  radial  pressures  were  increased  by  1.3  (overconsolidation  ratio)  times 
the  original  radial  pressure.  Although  the  ring  analysis,  based  on  the  assumed  radial 
pressures,  may  have  given  a  more  economical  design,  the  final  design  of  this  section  was 
based  on  the  usual  long-term  (K=0.875)  analysis. 

Tunnel  Section  F-lb  is  separated  into  two  parts  (north  and  south)  by  the  Archives 
station.  Three  subsections  (1,2,  and  3)  were  considered  because  of  soil  type,  subgrade 
reactions  (k=120,  80  and  120  kef),  and  depths  of  overburden  (5k  ft,  42  ft,  and  37  ft).  Only 
the  long-term  loading  condition  (K=0.875)  was  considered  in  the  loading  analysis.  Using 
the  "STRESS"  program,  the  moment,  thrust,  and  shear  for  each  joint  were  calculated.  The 
reinforced  concrete  design  (working  stress)  was  based  on  the  worst  combination  of 
moment  and  axial  loads.  The  designed  concrete  cress  section  was  back-checked  by 
ultimate  strength  method,  using  K=0.65  for  subsections  1  and  3,  and  K=0A5  for  subsection 
2.  According  to  the  calculations,  subsections  1  and  3  were  satisfactory,  but  the  K  for 
subsection  2  needed  to  be  increased  to  0.55.    The  deflection  of  the  reinforced  concrete 
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ring  was  also  calculated  by  computer  using  the  "STRESS"  program.  The  maximum 
computed  deformation  at  the  crown  was  about  0.25  in.;  the  total  vertical  movement  of  the 
soil  and  liner  was  about  1.0  in.  However,  because  of  the  small  magnitude  of  liner 
deformation,  the  subgrade  reaction  force,  due  to  1/8  in.  horizontal  ring  deformation,  was 
ignored. 

Tunnel  Section  G-2  was  designed  by  the  same  section  designer  as  section  F-lb,  but 
with  different  assumptions  and  design  methods.  Tunnel  liners  were  designed  with  constant 
thickness  (15  in.),  but  varying  reinforcement  according  to  the  depth  of  overburden  (45  ft 
to  95  ft).  The  groundwater  effect  and  weight  of  the  liner  were  ignored.  The  "STRESS" 
computer  program  input  included  the  following:  (1)  Vertical  load  due  to  120  ft,  100  ft,  80 
ft,  60  ft,  and  40  ft  of  overburden  soil,  (2)  Surcharge  (300  psf),  (3)  Working  stress  load 
(K =0.875)  and  ultimate  stress  load  (K=0.65),  and  (4)  Foundation  supported  by  a  spring 
(k=200  kef)  and  without  a  spring.  After  the  worst  combination  of  moment  and  axial  load, 
in  each  case,  was  identified  through  the  "Ultimate  Column  Load"  program,  the  required 
steel  was  calculated  and  a  diagram  of  required  steel  vs.  depth  of  overburden  was  plotted. 
From  this  diagram,  the  foundation  condition  without  a  spring  was  shown  to  govern  the 
design.  The  required  steel  reinforcement,  for  a  particular  depth  of  overburden,  can  then 
be  selected  from  this  diagram. 

5.2.3.2  Design  of  a  Cast-in-Place,  Horseshoe  Shaped  Reinforced  Concrete  Rigid  Liner  in 
Soft  Ground 

Horseshoe  shaped  tunnel  liners  are  not  commonly  used  in  soft  ground.  The  require- 
ment of  shield  driven  soft  ground  tunnels  in  the  WMATA  system  and  their  high  cost  may 
be  the  main  reason  for  ruling  out  this  alternative.  However,  for  hand  mining  in  mixed 
face  tunnels,  this  shape  of  tunnel  is  still  the  popular  choice  (e.g.,  north  end  of  Section  A- 
2).  Since  only  two  of  the  twelve  soft  ground  tunnel  sections  were  designed  for  the 
horseshoe  shape,  the  loading  conditions  basically  followed  the  WMATA  standard  form 
(Figure  64,  recommended  by  General  Soils  Consultant),  and  the  analysis  and  design  of  the 
liners  are  similar  to  that  for  a  circular  shaped  tunnel  section.  No  further  discussion  of 
horseshoe  shaped  tunnels  will  be  included  here.  The  horseshoe  shaped  tunnel  in 
decomposed  rock,  jointed  rock,  and  sound  rock  will  be  discussed  in  Section  5.2.3.4. 

5.2.3.3  Design  of  a  Fabricated  Steel  and  Cast  Iron  Flexible  Tunnel  Liner  in  Soft  Ground 

The  basic  principle  behind  the  utilization  of  the  flexible  circular  tunnel  liner  is 
that,  with  some  limited  deformations  of  the  liner,  the  unevenly  distributed  earth  pressure 
on  the  liner  will  become  approximately  a  uniformly  distributed  radial  pressure  (similar  to 
a  hydrostatic  pressure).  Hence,  the  maximum  moment  in  the  liner  will  be  reduced  and  less 
material  will  be  needed  for  the  tunnel  liner.  The  General  Soils  Consultant  recommended 
the  range  of  coefficient  of  lateral  earth  pressure  (K=0.90  to  0.97)  for  the  design  of  a 
flexible  liner.  The  maximum  allowable  deformation  of  a  flexible  liner  was  about  one  inch. 
In  addition  to  the  ground  loading  conditions,  the  stability  (buckling)  of  the  liner  must  also 
be  checked  against  jacking  forces. 

The  flexible  tunnel  liners  were  designed  for  nine  of  twelve  soft  ground  tunnel 
sections.   Following  are  discussions  of  some  representative  sections. 

Tunnel  Section  D-l  was  designed  according  to  the  following  assumptions:  (1)  The 
flexible  liners  deflect  downward  at  the  crown  and  outward  at  the  springline  (K  <  1.0),  (2) 
The  effect  of  side  shear  is  neglected,  (3)  The  intensity  of  passive  lateral  pressures  are 
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proportional  to  the  lateral  deflections  of  the  tunnel  subjected  to  distributive  loading.  The 
controlling  values  for  geotechnical  parameters  are  T<  =144  kef  and  <j>  =  34°  for  the  north 
segment,  and  T<  =  72  kef  and  $  =25°  for  the  south  segment.  Seven  loading  cases  in  two 
combinations  (long-term  and  short-term)  were  considered  in  the  analysis.  The  actual 
coefficient  of  horizontal  earth  pressure  (based  on  friction  angle,  <j) )  and  the  groundwater 
level  (from  soil  profile)  were  used.  A  reasonable  thickness  of  the  fabricated  steel  liner 
plates  (7/16  in.  skin  and  7/8  in.  flange)  was  assumed  and  its  moment  of  inertia  was 
calculated.  Based  on  the  load  combination,  section  properties,  and  material  properties 
(Young's  modulus  of  elasticity),  the  moment,  thrust,  and  deformation  can  be  computed 
with  the  assumption  that  the  flexible  liner  is  under  constant  loads.  With  the  computed 
deformation,    A  R. ,  through  the  approximation  formula: 

EI  ARj 

R^ 

where 

p=  maximum  passive  soil  pressure  (psf) 

E=  Young's  modulus  of  elasticity  (29  x  10    psi) 

I  =  moment  of  inertia  per  foot  (in.  /ft) 

R=  radius  of  the  tunnel  liner  (ft) 

AR  -  maximum  horizontal  ring  deformation  without  lateral  reaction  (in.) 

the  maximum  passive  soil  pressure  is  calculated.  Through  the  second  approximation 
formula: 

A  R     _  __J (5_M 

K2"    AR^  +  p  KD  *' 

where 

A  R-  is  the  maximum  final  deformation  (in.),  and 

k   is  the  coefficient  of  lateral  subgrade  reaction  (ksf/in.), 

the  maximum  final  deformation  is  obtained.  The  actual  passive  soil  pressure  (p2)  is 
determined  by  the  p2  =k  «AR  relationship.  Thus,  the  moment  and  thrust  induces  by 
the  passive  soil  pressure  can  be  determined  accordingly.  The  final  moment  and  thrust  are 
determined  by  summing  the  moments  and  thrusts,  respectively,  obtained  from  the  free 
force  field  and  the  induced  passive  soil  pressure.  In  the  north  section,  for  example,  the 
moment  at  the  crown  is  reduced  to  about  20%  of  the  original  moment  in  the  free  force 
field.  The  thrust  at  the  crown  is  increased  to  about  130%  of  the  original  thrust  in  the  free 
force  field.  The  deformation  at  the  springline  is  reduced  to  about  10%  of  the  original 
deformation,  and  the  final  deflection  at  the  crown  is  about  0.4  inch.  The  same  size  liner 
plate  is  used  for  the  south  segment,  because  the  depth  of  overburden  is  shallower  (35  ft 
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related  to  50  ft  in  the  north  segment).  The  maximum  deflection  will  be  increased  because 
of  the  coefficient  of  lateral  subgrade  reaction  G<  =  72  kef  compared  to  144  kef  at  the 
north  segment),  but  the  deflection  is  still  less  than  one  inch. 

Tunnel  Section  D-4a  was  designed  with  assumptions  and  methods  different  from 
D-l.  In  D-4a,  four  loadings  were  superimposed.  They  were:  (I)  Weight  of  the  liner;  (2) 
Partial  uniform  live  load  at  invert;  (3)  Radial  earth  pressure  (K=1.0)  (the  intensity  of  the 
radial  pressure  is  from  the  vertical  earth  pressure  plus  surcharge),  ignoring  the 
groundwater  effect;  and  (4)  Corrective  pressure  to  develop  the  allowable  deflection,  5 
(distortion  of  diameter  =  0.67  inch).  Soil  response  (passive  earth  pressure)  was  overlooked 
in  deriving  the  p-6  relationship.  The  assumptions  behind  the  design  method  were  totally 
independent  of  the  lateral  resistance  concept.  The  two  main  assumptions  are:  (1)  The 
major  part  of  the  load  on  the  ring  is  uniformly  hydrostatic,  thus  zero  moment  is  induced 
(underestimation),  and  (2)  There  is  no  laterally  induced  soil  resistance  against  the 
corrective  pressure,  thus  the  moment  is  increased  greatly  (overestimation).  Since  these 
two  factors  tend  to  compensate  each  other,  in  the  final  design  of  the  liner  there  is  no 
significant  difference  between  the  D-4a  and  D-l  sections.  In  total,  seven  subsections 
along  the  D-4a  route,  with  both  fabricated  steel  liner  and  cast  iron  liner,  three  different 
fabricated  steel  liner  thicknesses  (9/16  in.,  1/2  in.,  and  7/16  in.),  as  well  as  three 
different  allowable  deflections  (3/4  in,,  2/3  in.,  and  1/2  in.)  were  analyzed  in  the  design 
process.  The  computer  output  of  some  specific  points  on  the  ring  (crown  and  springline) 
are  checked  and  were  consistent  with  hand  calculations  (based  on  elastic  theory).  The 
final  design  of  the  liner  system  was  also  checked  for  jacking  force. 

Tunnel  Section  D-6  was  analyzed  by  three  different  methods:  (1)  Elastic  ring 
analysis  with  the  assumed  coefficient  of  lateral  earth  pressure  (K=0.9);  (2)  Drucker's 
method,  based  on  elastic  ring  analysis  and  the  induced  soil  reaction  (the  overconsolidation 
ratio  is  also  considered  in  the  radial  pressure  computation);  and  (3)  Method  based  on 
observed  diameter  distortion  (Deere,  et  ah,  1969).  Based  on  the  elastic  analysis  of  the 
liner,  the  maximum  moment  in  the  liner  under  the  assumed  loads  is 


M  =  -i£I—     x      -*£ (5-5) 


where 


R  is  the  radius  of  the  tunnel, 

A  R  is  the  change  in  the  radius  of  the  tunnel, 

E  is  the  modulus  of  elasticity  of  the  liner, 

I  is  the  moment  of  inertia  of  the  liner,  and 

A  R 
A  — p- —    ratio  (representing  the  distortion  of  the  tunnel  radius)  equal  to    0.5  percent  is 

assumed.    This  method  takes  advantage  of  utilizing  the  strength  of  the  surrounding  soils. 

Three  kinds  of  flexible  liner  segments  were  designed—fabricated  steel  liner  plates,  cast 

iron  liner  plates,  and  pre-cast  concrete  segments.    Two  cross  sections,  one  shallow  cover 

and  one  deep  cover,  are  considered  in  the  design  process* 

5.2.3.4   Design  of  Permanent  Tunnel  Liners  in  Rock 

Presently,  there  are  seven  tunnel  sections  of  the  WMATA  system  that  have  been 
constructed  in  decomposed  rock,  jointed  rock,  or  sound  rock.  Of  these  seven  sections,  the 
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design  data  were  not  available  for  two  of  the  sections  (A-6a  and  G»5),  The  design  method 
of  one  section  (A- 10a)  Is  a  duplication  of  another  section  (A»9a).  The  remaining  four 
sections  (C-4,  K-l,  A-9a,  and  A-lla)  will  be  discussed  In  this  section.  Although  the 
General  Engineering  Consultant  provided  basic  guidance  for  tunnel  design  (Figures  66,  67 
and  68 ),  soil/rock  profile,  and  average  rock  loads,  different  section  designers,  based  on 
their  own  experience,  used  different  design  methods,  Thus,  In  the  following  paragraphs, 
each  tunnel  section  will  be  discussed  separately. 

More  than  one-half  of  tunnel  section  C-4  is  under  the  Potomac  River  in  moderately 
blocky  and  seamy  rock.  Although  an  average  vertical  rock  load  (1.2  ksf)  was 
recommended,  a  higher  rock  load  (2.34  ksf),  based  on  Proctor  and  White  (1968),  was 
actually  used  in  the  design.  Since  the  tunnel  is  directly  under  the  river  bottom,  a 
maximum  120  ft  water  head  is  assumed  for  the  permanent  liner  design.  In  the  design  of 
the  reinforced  concrete  permanent  liner,  it  was  assumed  that  the  temporary  rib  support 
system  was  prestressed  to  resist  all  the  rock  load  and  was  considered  a  part  of  the 
reinforcing  steel  in  the  permanent  liner.  The  permanent  liner  was  designed  to  resist  the 
portion  of  the  load  between  120  ft  hydrostatic  load  and  rock  load  (7.49-2.34  =  5.15  ksf). 
The  out-of-plane  buckling  of  the  rib  was  also  checked  in  the  design  process. 

Tunnel  Section  K-l  passes  through  both  sound  rock  and  decomposed  rock* 
typical  cross  sections  were  analyzed  and  designed.  Since  both  sound  rock  and  decorVffyo^d 
rock  are  relatively  stiff  materials,  the  lateral  passive  rock  pressures  are  considered  in  the 
design  of  cast-in-place  reinforced  concrete  liners.  As  shown  in  Figure  69,  the  total  'r&dk 
load  used  in  design  is  1.4  ksf  for  a  sound  rock  section.  Based  on  the  rock  load,  weight  of 
the  rock  between  crown  and  springline,  weight  of  liner,  and  the  assumed  liner  section 
property  (moment  of  inertia),  the  active  moment,  thrust,  and  deformation  can  be 
calculated  through  elastic  ring  analysis.  On  the  basis  of  calculated  deformation  and  the 
given  spring  constant  of  the  rock  (780  kef),  the  induced  passive  rock  pressure  can  be 
computed.  Similarly,  based  on  the  computed  rock  pressure,  the  passive  moment  and  thrust 
can  be  determined.  Summing  up  the  active  and  passive  moment  and  thrust,  tHe 
reinforcing  steel  can  be  designed.  If  the  assumed  section  is  not  satisfactory,  a  different 
section  can  be  assumed  and,  through  the  same  process,  its  adequacy  can  be  evaluated.  By 

trial  and  error,  the  most  economical  section  can  then  be  obtained. 

f. 

For  tunneling  in  decomposed  rock,  the  total  depth  of  overburden  and  active  lateral 
pressure  have  been  taken  into  account  as  shown  in  Figure  70.  The  design  procedures  are 
the  same  as  those  for  the  sound  rock  section.  The  horseshoe  shape  reinforced  concrete 
liners,  in  both  cases,  were  also  designed  using  the  same  procedures. 

Tunnel  Section  A-9a  was  designed  with  the  aid  of  a  computer.  The  Structural 
Analysis  Program  (SAP)  was  utilized.  Loading  conditions  consisted  of  both  discrete  rock 
mass  loads  at  various  angles  and  vertical  rock  pressure  (average  vertical  rock  load  =  1 
ksf).  In  total,  six  loading  conditions  were  considered.  Five  were  based  on  the  General 
Engineering  Consultant's  recommendation  (Figures  66  to  68),  but  the  sixth  had  unequal 
lateral  pressure  (lateral  pressure  on  one  side  was  twice  that  on  the  other).  Both  the 
circular  and  horseshoe  tunnel  configurations  were  considered  in  design.  It  was  assumed 
that  no  friction  force  existed  between  joints  or  at  the  liner-rock  interface.  Two  rock 
stiffnesses  (480  and  840  kef),  and  three  liner  thicknesses  (6,  8,  and  12  in.)  were  assumed  in 
the  analysis.  The  stiffness  matrix  was  obtained  using  the  beam  on  an  elastic  foundation 
theory,  with  the  assumed  liner  section_property  (moment  of  inertia)  and  material 
properties  (E  for  reinforced  concrete  and  k  for  surrounding  rock).  Moments  and  stresses 
were  computed  for  the  assumed  section.  It  was  found  that  for  the  given  loading 
conditions,  Case  IV  (Figure  67)    for  the  circular  liner,  and  Case  III  (Figure  67)  for  the 
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horseshoe  liner,  result  in  the  maximum  stress  condition  and  govern  the  reinforced 
concrete  design  of  the  liner  section.  For  each  tunnel  configuration,  the  first  two  loading 
cases,  which  induce  maximum  stresses,  were  selected  for  the  section  thickness  study  to 
achieve  the  most  economical  design.  In  comparing  all  the  available  data  for  this  tunnel 
section,  it  was  found  that  (1)  the  variation  of  rock  stiffness  has  relatively  little  effect  on 
the  induced  loadings  on  the  liner,  (2)  at  a  given  rock  stiffness  and  loading  condition,  the 
thinner  lining  thickness  develops  lesser  moment.  However,  the  section  modulus  of  the 
thinner  lining  reduces  more  rapidly  and  the  net  effect  is  an  increase  of  stress  in  the  lining. 

Tunnel  Section  A-lla  was  designed  essentially  on  the  same  concept  as  A-9a,  with 
the  addition  of  a  tangential  boundary  element  at  each  nodal  point  for  modelling  slip 
resistance.  The  shear  modulus  of  the  element  is  taken  as  one-half  of  the  corresponding 
radial  modulus.  However,  the  unequal  lateral  pressure  loading  condition  was  not 
considered  in  the  computer  analysis  of  this  tunnel  section. 

5.3        DESIGN  CRITERIA  OF  BART,  CUTD,  AND  MTA  SYSTEMS 

5.3.1  Design  Criteria  of  BART  System 

The  San  Francisco  Bay  Area  Rapid  Transit  (BART)  (Parsons,  et  al.,  1968)  tunnels 
are  predominantly  in  water-bearing  granular  materials,  although  soft  clay  and  transition 
materials  are  encountered  along  certain  lengths  of  the  tunnels.  At  that  time  (1968),  in 
preparing  the  design  criteria,  consultants  for  the  BART  system  recommended  the  flexible 
liner  as  the  most  desirable  liner  for  the  system.  They  assumed  that  the  ground  and  liner 
would  distort  together  until  largely  uniform  forces  acted  on  the  circumference  of  the 
liner.  They  assumed  a  pre-determined  diameter  distortion  as  the  basis  for  the  calculation 
of  the  maximum  moment  of  the  liner.  This  assumption  is  consistent  with  the  theory  of 
liner  design  subsequently  proposed  by  Deere,  et  al.  (1969),  based  on  observed  diameter 
distortion.  Based  on  Terzaghi's  arching  theory  (Terzaghi,  1946),  they  considered  arch 
action  in  granular  soils  at  a  depth  of  cover  greater  than  35  ft.  Beyond  35  ft  of  cover,  only 
one-half  of  the  overburden  was  considered  to  load  the  liner.  Arching  was  considered  not 
to  be  present  in  soft  clay.  The  recommended  design  loads  for  single  tunnels  are  presented 
in  Figures  71  and  72  .  The  criteria  to  assess  the  influence  of  parallel  tunnels  were 
recommended  as  indicated  in  Figures    73    and    7k  • 

The  consultants  for  the  BART  system  also  presented  guidelines  related  to  the 
effect  of  future  construction  over  the  tunnels.  It  required  that  future  structures  should 
neither  physically  interfere  with  the  tunnels  nor  increase  the  loading  on  the  tunnels  so  as 
to  exceed  the  maximum  design  loads.  Based  on  the  proposed  design  criteria  (Figures  71 
to  7k),  the  consultants  developed  three  basic  liner  classes.  The  section  designer  only 
needed  to  check  the  loading  conditions  of  each  individual  subsection  and  to  select  the 
appropriate  liner  class. 

In  the  BART  criteria,  the  design  for  bending  resistance  based  on  a  pre-determined 
distortion  was  a  great  improvement  over  the  state  of  practice  at  that  time. 

5.3.2  Design  Criteria  of  CUTD  System 

The  design  criteria  of  the  Chicago  Urban  Transportation  District  (CUTD)  (DeLeuw- 
Novick,  1975)  are  mainly  derived  from  two  sources— the  previous  (1940*5)  tunneling 
experience  in  Chicago  soils  and  research  at  the  University  of  Illinois.  Ground  behavior 
during  tunnel  construction  is  emphasized  in  these  criteria.  As  presented  in  Figures  75 
through    78,      the  temporary  tunnel  support  system,  the  earth  pressures  on  permanent 
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Pr  =  (35  +  |)yt  +  (z  +  D)yw 

PLUS 
BENDING  FORCES  RESULTING  FROM 
AXIAL  DIAMETER  CHANGES  OF  +  5/8" 

FOR  DEPTH  TO  CROWN  FROM  12  FT. 
TO  35  FT.  AND  GROUNDWATER  z 
ABOVE  CROWN 

Pr  =  35yt+(z  +  D)Xw 

PLUS 
BENDING  FORCES  RESULTING  FROM 
AXIAL  DIAMETER  CHANGES  OF  1/2" 

FOR  MINIMUM  DEPTH  TO  CROWN  OF 
12  FT. 

Pr=(l2  +  D/2)yt+(z+D)rw 

PLUS 
BENDING  FORCES  AS  IN  b. 


NOTES; 

y  t  =  UNIT  WEIGHT  OF  SOIL  ADJUST- 
ED FOR  BUOYANCY 

Xw  =  UNIT  WEIGHT  OF  WATER 

Pr    =  RADIAL  LOAD,  PSF,  APPLIED 
UNIFORMLY  AROUND  CIRCUM- 
FERENCE 

ALL  DIMENSIONS  ARE  IN  FEET 


FIGURE  71. 


BART- GROUND  PRESSURES  FOR  TUNNEL  IN  SAND  OR 
PREDOMINANTLY  GRANULAR  GROUND 
(DEERE,  ET  AL.,  1969) 


16* 


GROUND  LEVEL 


JZLr 


Pr  =  zy  =  RADIAL  LOAD,  APPLIED 
UNIFORMLY  AROUND  CIRCUM- 
FERENCE 

VERTICAL  AXIS  LENGTHENS 
=  HORIZONTAL  AXIS  SHORTENS 
=  7/8" 

y  =  UNIT   WEIGHT  OF  SOIL 


FIGURE     72. 


BART-GROUND  PRESSURES  FOR  TUNNEL  IN  SOFT 
PLASTIC  CLAY  (DEERE,  ET  AL.,  1969) 
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GROUND  LEVEL 


TUNNEL  1. 

THE  PRESSURE  ON  THE  LOWER 
TUNNEL  MAY  BE  APPROXIMATED 
BY 

Pe=  l.5ytD+ywx 

WITH  A  PRACTICAL  LIMIT  OF' 
3.0  rtD 

THE  LOADING  OF  THE  SOIL  OF  THE 
LEVEL  OCCUPIED  BY  THE  UPPER 
TUNNEL  MAY  BE  CONSIDERED  OFF- 
SET BY  THE  BUOYANCY  OF  THE 
UPPER  TUNNEL. 

TUNNEL  2. 

LOADING  SAME  AS  CONDITION    b. 
OR  c.    OF  FIGURE  5-10.  USUALLY 
NO  ARCHING  EFFECT  AVAILABLE 
BECAUSE  SOIL  HAS  BEEN  DIS- 
TURBED BY  LOWER  LEVEL  TUN- 
NELING. 


FIGURE     73. 


BART- EFFECTS  OF  VERTICALLY  ADJACENT  TUNNEL 
(DEERE,  ET  AL.,  1969) 
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GROUND  LEVEL 


\ 
) 


SECOND  TUNNEL  CON- 
STRUCTED INSIDE  PLANE 
OF  INFLUENCE  OF  FIRST 
TUNNEL 


x  •-  SECOND  TUNNEL 
Y     CONSTRUCTED  OUT- 
i       SIDE  PLANE  OF  IN- 
/       FLUENCE  OF  FIRST 
TUNNEL 


'/2D  MIN.WHEN  TUNNEL  INVERTS  ®> 
SAME  ELEVATION 


CASE    a.     TUNNELS  HORIZONTALLY   ADJACENT 

1.  IF  CLEARANCE  BETWEEN  TUNNELS  "C"  >  D,  ADDITIONAL  Pr=0 

2.  IF  C  IS   '/2D,  ADDITIONAL  PRESSURE  SHOULD  BE  0.5  ywD 

3.  TUNNELS  SHOULD  NOT  BE  DRIVEN  CLOSER  THAN  C  =  '/2  D 

CASE    b.     TUNNELS  OFFSET  BOTH  HORIZONTALLY  8  VERTICALLY 

1.  WHEN  HORIZONTAL  CLEARANCE  BETWEEN  TUNNELS  IS  EQUAL 
TO  OR  GREATER  THAN  ONE-HALF  OF  THE  VERTICAL  DIS- 
TANCE BETWEEN  THE   INVERTS  OF  THE  TUNNEL   PLUS  ONE 
TUNNEL  DIAMETER,  THE  ADDITIONAL  PRESSURE  ON  THE 
LOWER  TUNNEL  IS  ZERO   (Pr  =  0) 

(PLANE  OF  INFLUENCE  ASSUMED  AT  2v  ON  Ih) 

2.  WHEN  THE  HORIZONTAL  CLEARANCE  BETWEEN  TUNNELS  IS 
LESS   THAN  IN   b.  I.  ABOVE,  THE  ADDITIONAL  PRESSURE   Pr 
SHOULD  BE  EVALUATED  BETWEEN  FIGURE  5-12.  AND  CASE 
a.  2.  ABOVE 


FIGURE     74. 


BART-EFFECTS  OF  ADJACENT  TUNNELS 
(DEERE,  ETAL.t  1969) 
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NORMAL 
OPERATING 


ULUWUU  I 
_  CONDITION  (pq= 


NORMAL 
OPERATING 


BLOWOUT 
CONDITION  (pa=0) 


^-FOOTING 


CONSTRUCTION  CASE 
"SOFT"  CLAY 


CONSTRUCTION  CASE 
"STIFF"CLAY 


USE  WHERE  qr  IN  ZONE  USE  WHERE  qr  IN  ZONE 

H,   IS  <  0.5  tsf  H,  IS  >0.5  tsf 

W-S--f-pa  =  (2qr  +  pa)H,+A(qd+pa)  W-S  =  pQ-§  + A(qd+pa) 

W  =  ONE  HALF  OF  THE  WEIGHT  OF  THE  CLAY  (SOLID  AND  WATER 

COMBINED)  LOCATED  WITHIN  THE  SHADED  AREA,  PER  FOOT 

OF  LENGTH  OF  THE  TUNNEL; 
A  =  ONE  HALF  OF  THE  AREA  OF  THE  FOOTINGS,  PER  FOOT  OF 

LENGTH.; 
B  =  WIDTH  OF  THE  TUNNEL; 

qd=  BEARING  CAPACITY  OF  THE  FOOTINGS  PER  SQUARE  FOOT; 
S  =  THE  EFFECTIVE  SHEARING  RESISTANCE  OF  THE  CLAY  ALONG 

ONE  OF  POTENTIAL  SURFACES  OF  SLIDING,  PER  FOOT  OF 

LENGTH  OF  TUNNEL; 
pa=  THE  AIR  PRESSURE  IN  POUNDS  PER  SQUARE  FOOT,  IN  EXCESS 

OF  THE  ATMOSPHERIC  PRESSURE; 
qr  =  AVERAGE  UNCONFINED  COMPRESSIVE  STRENGTH  IN  ZONE  H,. 

NOTE:  STRUCTURAL  DESIGN  OF  THE  LINER  ELEMENTS  CONSIDERS 
THE  "BLOWOUT"  CONDITION,  WHILE  DESIGN  FOR  LIMITING 
LOSS  OF  GROUND  CONSIDERS  "NORMAL  OPERATING"  CON- 
DITIONS. 

FROM  TERZAGHI,  1943 


FIGURE    75. 


CUTD -ANALYSIS  FOR  STABILITY  OF  LINER  PLATE 
TUNNELS  (DeLEUW-N0VICK,l975) 
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GROUND  SURFACE 


GROUND  SURFACE 


_JU1WL_ 


Ph 


fTTTTT 

Pv 
CIRCULAR  SECTION 

DESIGN  FOR  RING  COMPRESSION  HORSESHOE  SECTION 

p=yz  DESIGN  FOR   Ph  =  Pv    AND 

WHERE  y  =  TOTAL  UNIT  WEIGHT  Pn=(2/3)Pv   WHERE   pv=yz 

z  =  TUNNEL  AXIS  DEPTH 

FROM  PECK,  1969  FROM  TERZAGHI,  I960 

EARTH  PRESSURES  ON  PERMANENT  LINERS 

NOTE=  DESIGN  GIVEN  ABOVE  MUST  BE  CHECKED  FOR  EXCESSIVE  BENDING 
STRESSES  UNDER  CONDITIONS  OF  ESTIMATED  DISTORTION  EQUAL 
TO  A  SMALL  PERCENTAGE  OF  TUNNEL  RADIUS,  Ar/r%.  FOR 
Ar/r  VALUES  SEE  DEERE,  ET  AL.,  1969. 


>4r 


2.5r 


DESIGN  DISTORTION 
1st  TUNNEL  2nd  TUNNEL 


Ar 
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2Ar 


Ar 
r 


Ar 


r  r 

NOTE- LINEAR  INTERPOLATION 
FOR  INTERMEDIATE 
CASES. 


FROM  DEERE,  ET  AL.,  1969 

DISTORTION  OF  PERMANENT  LINERS 

FIGURE      76.      CUTD-  DESIGN  CONDITIONS  FOR  PERMANENT  TUNNEL 
LINERS   (DeLEUW-NOVICK,l975) 
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GROUND  SURFACE 


FAILURE 
SURFACE^ | 


GROUND  SURFACE 


TUNNEL 


TUNNEL 


FAILURE 
SURFACE 


FOR  z  >  2B 

FOR  z  <  2  B 

2f  +  .-I 

LKI  1  ILAL   Ul  b  -            ,     D 
I  +  -  — 

l  +  6   z 

OKI  1  ILAL  Urb-             (      p 

1  +—  — 
1  ^6     Z 

rnMP 

iiTFn  opq  =   ^z     PQ 

OFS  =  OVERLOAD  FACTOR 
y    =  UNIT  WEIGHT  OF  SOIL 
z    =  AXIS  DEPTH  OF  TUNNEL 
B    =  TUNNEL  WIDTH   OR  DIAMETER 
pa  =   INTERNAL  PRESSURE 
c   =  UNDRAINED  SHEAR  STRENGTH 


FROM  DEERE,  ET  AL.,  1969 


FIGURE    77 


CUTD- TUNNELS  IN  CLAY,  STABILITY  OF  WORKING 
FACE   (DeLEUW-NOVICK.1975) 
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PROCEDURE  FOR  ESTIMATING 
GROUND  SETTLEMENT 

1.  ESTIMATE  THE  VOLUME  LOST 
GROUND  OVER  A  SINGLE  TUNNEL, 
Vs,  BASED  ON  SOIL  TYPE,  SOIL 
CONDITIONS,  AND  CONSTRUCTION 
METHODS.  FOR  THIS  USE  EXPE- 
RIENCES TABULATED  IN  PECK 
(1969) 

2.  USE  FIGURE  BELOW  TO  ESTI- 
MATE TROUGH  WIDTH. 

3.  CALCULATE  8MAX.  =  Vs/2.5i 
4  DISTRIBUTION  OF  SETTLEMENT 

IS  SHOWN  AT  LEFT 
5.  FOR  TWIN  TUBE  TUNNELS,  USE 
R'  =  R+  d/2  WHERE  d  =  CENTER- 
TO -CENTER  SPACING. 
FOR  HORSESHOE  TUNNELS  USE 
R'=  1/2  TUNNEL  WIDTH. 
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FIGURE    78.       CUTD- TROUGH  WIDTHS,   SUBSIDENCE  OVER  TUNNELS 
IN  CLAY   (DeLEUW-NOVICK.1975) 
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liners,  the  distortion  of  permanent  liners,  the  stability  of  the  tunnel  face,  and  the 
settlement  over  tunnels  are  considered  in  the  design.  It  should  be  noted  that  a  coefficient 
of  lateral  earth  pressure  of  0.67  is  recommended  for  permanent  rigid  liner  design.  For 
permanent  flexible  liner  design,  the  combined  forces  due  to  the  estimated  diameter 
distortion,  the  driving  of  the  shield,  and  the  effect  of  parallel  tunnels  are  considered  in 
the  maximum  moment  calculations.  Furthermore,  the  soil  types  are  also  considered  in 
determining  the  influence  zones  for  adequate  protection  of  adjacent  structures. 

5.3.3    Design  Criteria  of  MTA  System 

The  design  criteria  of  the  Maryland  Mass  Transit  Administration  (MTA)  (Daniel,  et 
al.,  1974)  are  basically  a  continuation  and  modification  of  the  criteria  of  the  WMATA 
system.  These  modifications  are  based  on  accumulated  tunnel  data  from  field 
observations  and  investigations.  The  main  improvements  of  the  MTA  criteria  are 
presented  in  this  subsection. 

For  reinforced  concrete  rigid  earth  tunnel  sections,  the  coefficient  of  earth 
pressure  is  determined  by  the  type  of  soil  through  which  the  tunnel  is  to  be  driven  rather 
than  a  constant  value  being  assigned  for  all  soil  types,  as  in  the  WMATA  system.  For 
flexible  earth  tunnel  sections,  the  circular  segmental  tunnel  liners  are  designed  to  resist 
jack  thrusts  (125  tons  spaced  at  about  2.5  ft  on  centers),  for  a  maximum  diameter 
distortion,  and  the  possibility  of  corrosion. 

The  design  criteria  of  the  MTA  system  also  provide  guidelines  for  the  design  of 
rock  tunnel  linings.  Two  types  of  tunnel  linings  are  proposed— Type  I  for  good  quality 
rock,  and  Type  II  for  poor  quality  rock.  In  tunnel  sections  where  the  subsurface 
exploration  indicates  that  rock  conditions  are  favorable  (RQD  ^  75%),  and  loosened  rock 
load  may  be  small,  Type  I  lining  shall  be  considered.  Type  I  lining  comprises  grouted  rock 
bolts  and  shotcrete  to  provide  both  temporary  and  permanent  supports.  Two  or  three 
layers  of  shotcrete  (reinforced  if  necessary  by  welded  steel-wire  fabric)  may  be  needed  to 
resist  possible  localized  loosened  rock  loads  at  positions  between  rock  bolts.  Recent 
investigations  of  shotcrete  behavior  at  the  University  of  Illinois  (Mahar,  et  al.,  1975) 
suggest  that  the  maximum  useful  thickness  of  shotcrete  for  this  type  of  loading  is  four 
inches.  The  basic  layout,  lengths,  and  orientation  of  rock  bolts  and  tension  loads  to  be 
applied  are  largely  dependent  on  rock  conditions  disclosed  by  tunnel  excavations. 

Where  substantial  rock  and  overburden  loads  must  be  supported,  or  Type  I  lining  is 
not  applicable  (RQD  £  50%),  a  permanent  lining,  consisting  of  either  structural  steel  ribs 
encased  in  concrete  or  reinforced  concrete,  are  provided.  The  concrete  can  be  placed 
either  by  the  cast-in-place  or  shotcrete  method.  The  loading  schemes  are  similar  to 
Figure  70,  based  on  the  rock  conditions  predicted.  However,  in  cases  where  exploratory 
information  indicates  that  complete  drainage  may  be  impracticable,  the  design  loading  is 
increased  to  include  an  allowance  for  exterior  hydrostatic  pressures  or,  alternatively, 
grouting  of  the  rock  is  specified  so  as  to  reduce  the  permeability  and  expected  inflow  and 
provide  adequate  drainage. 

A  geotechnical  report  is  required  by  the  authority  (MTA)  from  the  Final  Designer 
(section  designer),  which  is  supplied  to  the  contractor  prior  to  bidding.  Based  on  the 
information  provided  by  the  General  Soils  Consultant,  the  following  points  are  included  in 
this  report:  (a)  The  predicted  soil/rock  behavior  during  construction,  (b)  Groundwater 
conditions,  (c)  Extent  of  each  soil/rock  stratum,  (d)  Man-made  obstructions,  (e)  Value  of 
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each  geotechnical  parameter  used  in  design.  From  this  report,  the  contractor  should  have 
a  better  understanding  of  underground  conditions,  prepare  a  more  realistic  cost  estimate, 
and  establish  better  construction  controls. 

5.4        DISCUSSIONS 

Based  on  the  review  of  design  criteria,  design  computations,  and  related 
publications  (Bawa  and  Bumanis,  1972;  Alldredge,  1974;  Bock,  1974;  Bock,  1976; 
Daugherty,  et  al.,  1976;  and  Kuesel,  1976)  on  the  WMATA  system  and  study  of  the  design 
criteria  of  three  other  metro  systems  (BART,  CUTD,  and  MTA),  the  following  points  are 
found  to  be  important  and  need  further  discussion. 

5.4.1  Structural  Analysis  of  Tunnel  Liners  in  Soft  Ground 

Although  the  temporary  steel  ribs  and  wood  lagging  liner  is  stiffer  than  a 
permanent  flexible  (fabricated  steel  or  cast  iron)  liner,  this  temporary  liner  will  also 
experience  certain  amounts  of  deformation  before  the  cast-in-place  concrete  rigid  liner  is 
installed.  This  implies  that  the  pressure  distribution  around  the  permanent  liner  is  more 
evenly  distributed  than  if  a  rigid  liner  were  installed  immediately  at  the  face.  The  non- 
rigid  behavior  of  the  foundation  soil  will  also  help  to  reduce  the  maximum  moment  in  the 
liner  (as  discussed  in  Section  5.2.3.1  for  G-2  section).  Thus,  the  validity  of  the  lower  limit 
of  the  modified  coefficient  of  lateral  earth  pressure  (K=0.65)  in  the  WMATA  criteria 
needs  further  investigation.  The  basic  concepts  of  the  flexible  liner  design  also  support 
this  point;  that  is,  the  strength  of  the  soil  around  the  liner  will  contribute  to  the  stability 
of  the  circular  tunnel  liner. 

In  general,  the  most  adequate  flexible  liner  design  method  to  date  (1979)  is  based 
on  the  assumed  diameter  distortion  (0.5  to  1.0%)  for  the  maximum  moment  calculation; 
the  full  overburden  pressure  for  the  maximum  thrust  calculation;  and  checking  the 
expected  jacking  forces  and  the  estimated  maximum  hydrostatic  pressure  on  the  designed 
liner. 

5.4.2  Structural  Analysis  of  Tunnel  Liners  in  Rock 

In  the  design  criteria  of  the  WMATA  system,  the  strength  contribution  of  rock  bolts 
is  usually  ignored  in  the  design  of  the  permanent  liner  in  rock.  This  condition  is  improved 
in  the  MTA  criteria,  i.e.,  Type  I  lining  is  sufficient  for  permanent  support.  However,  in 
some  situations,  the  large  oblique  rock  block  load  may  still  govern  the  final  design.  Thus, 
in  order  to  reach  a  safer  and  more  economic  liner  design,  further  investigation  on  the 
influence  of  the  rock  bolt  pattern,  rock  block-bolt  interaction,  and  the  long-term 
effectiveness  of  the  grouted  rock  bolts  is  needed. 

5.4.3  Drainage  Effect  on  Design  of  Tunnel  Liners 

In  the  WMATA  system,  the  Tunnel  Section  C-4  underlies  the  Potomac  River,  and  a 
120  ft  hydrostatic  head  is  assumed  in  the  design.  This  is  reasonable,  since  the  limited 
drainage  will  not  lower  the  river  water  level  and  the  aging  effect  of  the  rock  grout  is  an 
uncertain  factor.  For  the  tunnel  line  away  from  the  river  water  source,  some  guidelines 
for  evaluating  the  medium  permeability,  grouting  effect,  exterior  hydrostatic  pressure, 
and  expected  inflow  rates  are  recommended  in  the  MTA  criteria. 


173 


5.4.4  Development  of  Design  Criteria 

Time  and  local  soil/rock  types  comprise  two  main  restrictions  for  the  development 
of  each  design  criteria.  The  BART  criteria  were  issued  in  1968.  Their  main  contribution 
is  the  introduction  of  flexible  liners  and  the  simplified  design  concepts  of  this  liner.  That 
is,  the  design  for  maximum  moment  based  on  estimated  diameter  distortion.  The  concept 
of  the  arching  effect  in  sandy  soil  is  also  emphasized  in  this  criterion.  The  design  criteria 
for  the  effect  of  parallel  tunnels  are  also  given.  Since  there  was  no  rock  tunneling 
expected  in  the  area,  the  BART  system  only  has  design  criteria  for  soft  ground. 

The  WMATA  criteria  were  issued  originally  in  1967.  Later,  there  were  several 
revisions.  The  design  criteria  discussed  herein  are  based  on  the  1973  issue  (12th  revision). 
Fundamentally  speaking,  these  criteria  are  more  structurally  oriented  than  geotechnically 
oriented.  This  may  partially  be  due  to  the  available  tunnel  construction  technology  at 
that  time.  That  is,  nine  of  the  twelve  soft  ground  tunnels  were  constructed  with  steel  rib 
and  lagging  temporary  liner  systems,  and  with  cast-in-place  reinforced  concrete 
permanent  liners,  although  both  rigid  and  flexible  liners  were  designed.  In  this  criterion, 
the  structural  design  of  permanent  liners  is  the  main  emphasis.  For  the  permanent  liner  in 
rock,  the  minimum  thickness  of  sound  rock  cover  is  specified.  For  example,  for  a 
maximum  excavated  width  of  20  ft,  35  ft  and  70  ft,  the  minimum  sound  rock  cover  should 
be  10  ft,  15  ft,  and  30  ft,  respectively.  With  rock  cover  of  these  amounts,  the  rock  was 
believed  to  be  capable  of  supporting  itself  and  the  overburden  with  no  more  than  rock  bolt 
reinforcement.  For  any  condition  in  either  soil  or  rock  not  covered  by  the  above 
mentioned  situation,  the  design  manual  instructs  the  designer  to  follow  the 
recommendation  of  the  General  Soils  Consultant.  The  soil/rock  tunnel  behavior,  the 
ground  surface  settlement,  drainage  conditions,  etc.,  are  not  specified  in  this  criterion. 

The  design  criteria  of  the  MTA  system  were  issued  in  1974.  These  criteria  are 
basically  a  continuation  and  expansion  of  the  WMATA  criteria.  Permanent  flexible  liner 
design  in  soft  ground,  the  Type  I  and  Type  II  lining  design  in  rock,  and  the  drainage 
conditions  are  specified  in  these  criteria.  Furthermore,  the  requirement  of  a  geotechnical 
report  is  another  step  toward  better  construction  practice. 

The  design  criteria  of  the  CUTD  system  were  issued  in  1975.  These  criteria 
emphasize  more  the  geotechnical  aspects  of  tunnel  design  than  BART,  WMATA,  or  MTA. 
For  example,  design  of  a  temporary  liner,  stability  problems  during  tunneling,  magnitude 
of  ground  settlement  above  the  tunnel,  etc.,  are  considered  in  these  criteria.  Also, 
various  publications  related  to  tunnel  design  are  listed  in  the  References.  Since  no  rock 
tunnel  section  is  expected  in  this  system,  no  design  criteria  are  given  for  rock  tunnels. 

In  summary,  an  adequate  design  guideline  for  the  present  time  could  be  established 
through  a  combination  of  the  aforementioned  criteria.  However,  some  design  concepts 
depend  on  local  soil  conditions  and  should  be  used  with  caution.  For  example,  the  sandy 
soil  arching  effect  used  in  the  BART  system  may  not  be  applicable  in  other  areas,  where 
the  related  tunnel  performance  information  is  insufficient. 

5.4.5  Influence  of  Geotechnical  Parameters  on  Tunnel  Liner  Design 

Geotechnical  information  is  mainly  used  in  the  following  functions  (Gould,  1979): 

(a)  Overall  design  choices:  As  a  basis  for  the  selection  of  the  most  favorable 
horizontal  and  vertical  alignment,  choice  between  mining  or  cut-and-cover 
tunnel,  and  selection  of  tunnel  cross-section. 
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(b)  Decision  on  tunnel  support  or  tunnel  liner  loading:  Soil-like  or  rock-like 
ground  loadings,  stress-strain  properties  of  supporting  medium,  influence  on 
loading  of  secondary  structure  (slickensides,  joints,  shears,  etc.). 

(c)  Selection  of  lining:  Influenced  by  loading,  groundwater,  seismic  factors, 
invert  stability,  excavation  procedure  and  constructability,  possibility  of 
combining  primary  and  secondary  lining,  unlined  possibility. 

(d)  Requirements  for  watertightness  or  permanent  drainage:  Draining  water, 
quantity  and  quality  (pH,  resistivity,  corrosion  test,  etc.),  design  and 
maintenance  of  the  hydrostatic  pressure  relief  system. 

Basically,  the  impact  on  project  cost  of  site  investigation  for  tunnel  design  can  be 
less  than  the  effect  of  the  contractor's  choice  of  equipment  and  methods.  Substantial 
economies  can  be  realized  from  the  influence  of  detailed  and  accurate  geotechnical 
information  on  the  contractor's  bid  price,  as  reflected  in  his  choices  of  equipment  and 
method. 

As  mentioned  above,  the  soils  reports  by  the  GSC  are  not  only  for  the  tunnel  liner 
designer,  but  for  the  tunnel  route  planner,  contractor,  etc.  Further,  additional  site 
investigation  will  generally  be  conducted  as  per  section  designer's  request.  Thus, 
generally,  the  section  designer  will  have  the  geotechnical  information  needed.  However, 
since  the  geotechnical  condition  may  vary  along  the  tunnel  route,  it  is  not  feasible  for  the 
section  designer  to  consider  every  local  variation  in  the  final  design.  Therefore,  only  a 
few  prime  geotechnical  parameters  are  utilized  and  their  values  are  relatively 
conservative.  Moreover,  some  geotechnical  parameters  used  by  the  section  designer  are 
not  recorded  or  interpreted  in  the  bid  documents.  Recently,  this  situation  has  improved 
by  the  requirement  of  a  pre-bidding  geotechnical  report  from  the  section  designer. 

5.5        CONCLUSIONS 

Based  on  the  investigative  study  of  the  design  details  of  20  tunnel  sections  in  the 
WMATA  system  and  the  review  of  the  design  criteria  for  four  metro  systems,  the 
following  conclusions  can  be  reached: 

(1)  Present  site  investigation  techniques  can  provide  the  geotechnical  information 
required  for  design  of  permanent  tunnel  liners,  when  the  tunnel  location  is 
accessible,  based  on  currently  employed  design  techniques. 

(2)  The  design  criteria  for  a  rigid  permanent  liner  in  soft  ground  may  need  further 
refinement,  because  the  effect  of  soil  pressure  re-distribution  and  the  strength 
contribution  by  the  steel  ribs  should  be  taken  into  consideration. 

(3)  The  rock  bolt  pattern,  rock  block-bolt  interaction,  and  the  aging  effect  of  the  rock 
bolts  need  further  investigation  to  enable  a  more  economic  liner  design  in  rock. 

(4)  High  pressure  relief  systems  of  permanent  liners  need  further  study  in  terms  of  the 
medium  permeability,  grouting  effect,  exterior  hydrostatic  pressure,  expected 
inflow  rate,  and  inflow  water  quality. 

(5)  Soil/rock  behavior  during  tunneling  requires  further  research,  and  the  related 
pertinent  geotechnical  parameters  need  to  be  identified.  Then,  the  subsurface 
investigation  program  for  the  design  and  construction  of  tunnels  can  be  modified 
accordingly. 
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(6)  The  influential  geotechnical  parameters  for  design  of  tunnels  in  soft  ground  are: 
overburden  pressure,  soil  type,  coefficient  of  lateral  earth  pressure,  soil  strength, 
and  location  of  groundwater  table. 

(7)  Some  of  the  influential  geotechnical  parameters  for  design  of  tunnels  in  rock  are: 
rock  loads,  rock  quality,  rock  joint,  and  groundwater  conditions. 

(8)  Other  information  which  may  be  of  importance  can  be  derived  from  other 
experiences.  In  particular,  information  regarding  permeability  is  vital  to  assist  a 
contractor  in  choosing  the  best  means  of  ground  stabilization,  especially  in  soft 
ground  tunnels.  Problems  which  have  occurred  with  loss  of  ground  through 
shrinkage  cracks  and  continuous  joints  leading  to  distress  or  failure  of  water  and 
sewer  tunnels  in  fine  grained  soils  suggest  that  designers  should  be  aware  of  grain- 
size  distribution  where  the  predominant  soil  fraction  in  non-cohesive  soils  is  less 
than  about  one-third  of  the  probable  shrinkage  crack  opening. 
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6.0        CONCLUSIONS  AND  RECOMMENDATIONS 

Based  on  the  study  reported  herein,  the  following  conclusions  and  recommendations 
can  be  advanced: 

1.  From  the  viewpoint  of  the  current  stage  of  construction  techniques,  an 
appropriate  combination  of  the  four  design  criteria  reviewed  (WMATA,  BART,  CUTD,  and 
MTA)  is  adequate  in  the  guidance  of  the  design  and  construction  of  tunnels. 

2.  As  in  the  MTA  System,  the  requirement  for  a  geotechnical  report  from  the 
soil  consultant  in  the  course  of  tunnel  design,  and  a  pre-bidding  geotechnical  report  from 
the  section  designer,  explaining  how  the  geotechnical  parameters  impact  on  the  design  and 
construction,  are  an  improvement  and  should  be  recommended  for  future  tunnel 
construction.  These  should  be  a  part  of  the  bid  documents. 

3.  Although  there  are  several  soft  ground  tunnel  liner  design  theories  available 
today  in  the  judgment  of  the  authors,  Peck's  (1969)  distortion  theory  is  the  most 
appropriate  one  for  K<1  conditions.  For  K  >  1,  Peck's  (1972)  approximate  theory  should  be 
used.  However,  the  designed  liner  sections  should  be  checked  for  the  expected  jacking 
force  during  the  construction  stage. 

k.  There  is  no  standard  lining  design  method  for  tunnels  in  rock.  Since 
construction  techniques  depend  largely  on  rock  conditions  encountered,  the  design 
methods  are  based  largely  on  construction  techniques  employed.  Therefore,  it  is 
recommended  that,  based  on  predicted  rock  conditions,  utilizing  a  few  appropriate  design 
approaches,  e.g.,  rock  structure  rating,  rock  mass  quality,  etc.,  to  design  the  lining 
systems  for  those  rock  conditions  it  is  up  to  the  contractor  and  designer  to  select  the  most 
economical  system.  Further  modification  of  the  designed  liner  may  be  needed  when 
actual  rock  conditions  and  lining  performance  information  become  available. 

5.  Based  on  intensive  parametric  analysis  of  the  influence  of  related 
geotechnical  parameters  on  the  permanent  liner  design,  it  was  found  that  the  major 
parameters  are  modified  coefficients  of  lateral  earth  pressure,  rock  mass,  structure  and 
stress-displacement  relationships  of  the  rock  mass.  The  rate  of  inflow  and  the  inflow 
water  quality  are  also  important  in  the  design  of  the  drainage  system  for  tunnel  liners  in 
rock. 

6.  During  the  tunnel  construction  phase,  groundwater  conditions,  soil  type  and 
stratigraphy,  soil  strength  characteristics,  bouldery  conditions,  rock  mass  quality,  major 
joint  characteristics,  and  intact  rock  properties  are  the  influential  geotechnical 
parameters.  The  effective  site  investigation  should  be  directly  aimed  toward  defining 
these  parameters. 
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FEDERALLY  COORDINATED  PROGRAM  (FCP)  OF  HIGHWAY 
RESEARCH  AND  DEVELOPMENT 


The  Offices  of  Research  and  Development  (R&D)  of 
the  Federal  Highway  Administration  (FHWA)  are 
responsible  for  a  broad  program  of  staff  and  contract 
research  and  development  and  a  Federal-aid 
program,  conducted  by  or  through  the  State  highway 
transportation  agencies,  that  includes  the  Highway 
Planning  and  Research  (HP&R)  program  and  the 
National  Cooperative  Highway  Research  Program 
(NCHRP)  managed  by  the  Transportation  Research 
Board.  The  FCP  is  a  carefully  selected  group  of  proj- 
ects that  uses  research  and  development  resources  to 
obtain  timely  solutions  to  urgent  national  highway 
engineering  problems.* 

The  diagonal  double  stripe  on  the  cover  of  this  report 
represents  a  highway  and  is  color-coded  to  identify 
the  FCP  category  that  the  report  falls  under.  A  red 
stripe  is  used  for  category  1,  dark  blue  for  category  2, 
light  blue  for  category  3,  brown  for  category  4,  gray 
for  category  5,  green  for  categories  6  and  7,  and  an 
orange  stripe  identifies  category  0. 

FCP  Category  Descriptions 

1.  Improved  Highway  Design  and  Operation 
for  Safety 

Safety  R&D  addresses  problems  associated  with 
the  responsibilities  of  the  FHWA  under  the 
Highway  Safety  Act  and  includes  investigation  of 
appropriate  design  standards,  roadside  hardware, 
signing,  and  physical  and  scientific  data  for  the 
formulation  of  improved  safety  regulations. 

2.  Reduction  of  Traffic  Congestion,  and 
Improved  Operational  Efficiency 

Traffic  R&D  is  concerned  with  increasing  the 
operational  efficiency  of  existing  highways  by 
advancing  technology,  by  improving  designs  for 
existing  as  well  as  new  facilities,  and  by  balancing 
the  demand-capacity  relationship  through  traffic 
management  techniques  such  as  bus  and  carpool 
preferential  treatment,  motorist  information,  and 
rerouting  of  traffic. 

3.  Environmental  Considerations  in  Highway 
Design,  Location,  Construction,  and  Opera- 
tion 

Environmental  R&D  is  directed  toward  identify- 
ing and  evaluating  highway  elements  that  affect 

•  The  complete  seven-volume  official  statement  of  the  FCP  is  available  from 
the  National  Technical  Information  Service,  Springfield,  Va.  22161.  Single 
copies  of  the  introductory  volume  are  available  without  charge  from  Program 
Analysis  (HRD-3),  Offices  of  Research  and  Development,  Federal  Highway 
Administration,  Washington,  D.C.  20590. 


the  quality  of  the  human  environment.  The  goals 
are  reduction  of  adverse  highway  and  traffic 
impacts,  and  protection  and  enhancement  of  the 
environment. 

4.  Improved  Materials  Utilization  and 
Durability 

Materials  R&D  is  concerned  with  expanding  the 
knowledge  and  technology  of  materials  properties, 
using  available  natural  materials,  improving  struc- 
tural foundation  materials,  recycling  highway 
materials,  converting  industrial  wastes  into  useful 
highway  products,  developing  extender  or 
substitute  materials  for  those  in  short  supply,  and 
developing  more  rapid  and  reliable  testing 
procedures.  The  goals  are  lower  highway  con- 
struction costs  and  extended  maintenance-free 
operation. 

5.  Improved  Design  to  Reduce  Costs,  Extend 
Life  Expectancy,  and  Insure  Structural 
Safety 

Structural  R&D  is  concerned  with  furthering  the 
latest  technological  advances  in  structural  and 
hydraulic  designs,  fabrication  processes,  and 
construction  techniques  to  provide  safe,  efficient 
highways  at  reasonable  costs. 

6.  Improved  Technology  for  Highway 
Construction 

This  category  is  concerned  with  the  research, 
development,  and  implementation  of  highway 
construction  technology  to  increase  productivity, 
reduce  energy  consumption,  conserve  dwindling 
resources,  and  reduce  costs  while  improving  the 
quality  and  methods  of  construction. 

7.  Improved  Technology  for  Highway 
Maintenance 

This  category  addresses  problems  in  preserving 
the  Nation's  highways  and  includes  activities  in 
physical  maintenance,  traffic  services,  manage- 
ment, and  equipment.  The  goal  is  to  maximize 
operational  efficiency  and  safety  to  the  traveling 
public  while  conserving  resources. 

0.  Other  New  Studies 

This  category,  not  included  in  the  seven-volume 
official  statement  of  the  FCP,  is  concerned  with 
HP&R  and  NCHRP  studies  not  specifically  related 
to  FCP  projects.  These  studies  involve  R&D 
support  of  other  FHWA  program  office  research. 
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